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PREFACE 


This  final  Technical  Raport  eovara  th*  work  performed  undax  contract 
mabag  daax-40-76-C-L329  from  16  Movamber  1976  to  9  December  1977. 

Tha  manuscript1 was  ralaasad  by  tha  authors  in  February  1978  for  pub¬ 
lication. 

this  contract  with  tha  Vought  Corporation*  a  division  of  I*TV, 
Incorporated,  was  initiated  under  Technical  Requirement  Number 
6069 «  "Manufacturing  Methods  for  High  Spaed  Machining  of  Aluminum". 

Zt  was  aourmpti shed  under  the  technical  direction  of  Mr.  John 
inoonaa  of  the  Manufacturing  Methods  and  Technology  Branch  (DRDKIJAT) 
0.6.  Army  Missile  Research  and  Development  Command*  Redstone 
Arsenal*  Alabama  35609. 

Tha  contract  was  conducted  under  Mr.  D.M.  Halbards*  Manufacturing 
Servicer-  Manager.  The  principal  investigator  was  Mr.  Jaok  McGee* 
Manufacturing  Technology  Engineer  Specialist.  Others  who  actively 
participated  in  tha  development  and  preparation  of  this  report 
wexet  c.R.  Caste*  Design  Engineers  D.O.  Edge*  f.B.  Richardson  and 
R.L.  Thompson*  Ttjilfant  Engineers?  and  D.A.  Xutehar  and  T.S. 

Mojeik*  M/C  frogr— era. 

This  project  was  accomplished  as  a  part  of  the  O.S.  Army  Missile 
Manufacturing  Metteda  Program .  tha  primary  objective  of  which  is 
to  develop,  on  a  timely  basis*  manufacturing  processes,  techniques 
and  'equipment  for  usa  in  tha  aocnomieal  production  of  USANC  ma¬ 
terials  and  onmponents. 

Your  eosBMata  are  solicited  on  the  potential  utilisation  of  tha 
information  contained  herein  as  applied  to  your  preaant  and/or 
future  production  programs.  Suggestions  concerning  additional 
manufacturing  methods  development  required  on  this  or  other  sub¬ 
jects  will  be  eppreciated. 
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1.0  INTRODUCTION 


The  objectiva  of  this  program  was  to  develop  manufacturing  methods 
sod  technology  for  machining  aluminum  at  significantly  higher  speeds 
then  is  currently  practiced*  Additionally,  the  methodology  developed 
was  to  be  satisfactorily  demonstrated  as  being  both  practical  and 
cost-effective  whan  compared  with  current  machining  practices. 

To  accomplish  these  objectives,  a  three-phase  program  was  conducted. 

In  Phase  Z,  cutting  tools  and  machining  parameters  wars  tested  for 
the  purpose  of  making  machining  recommendations  for  selected  aluminum 
alloys.  Expanded  machining  deter  e.g. ,  tolerances,  finishes,  deflection, 
cutting  forces,  horsepower,  residual  stresses  and  autting  temperature 
wars  also  developed  to  ascertain  the  effects  of  high  speed  machining 
on  product  integrity. 

In  Phase  XI,  guidance  and  Control  Shells  -{Part-Mov  101S&A4Vt"for 
the  Lance  missile  were  machined,  in  part,  with  the  naw  methods  to 
establish  cost  data  for  comparison  with  present  methods.  Also, 
performance  data  for  the  methods  were  analysed »  and  intarrslationships 
wars  developed  among  pertinent  machining  properties  and  variables. 


In  Phase  III,  new  high-speed  machining  methodologies  developed  in 
the  program  ware  demonstrated  to  representatives  of  the  Government 
and  the  aluminlmum  fabricating  industry.  - 


A  survey,  conducted  at  the  beginning  of  the  program  uncovered  only 
a  limited  amount  of  useful  information  for  high-speed  aaohining. 

Based  on  that  survey,  it  appears  that  the  lata  C.  Salomon  of  Germany1 
was  the  first  to  publish  experimental  results  for  high-speed  machining. 

In  1931,  Salomon  reported  that  thermocouple  measurements  made  in  high¬ 
speed  milling  tests  indicate  that  tool-chip  interface  temperatures  drop 
at  higher  cutting  speeds  (see  Figure  1) ,  so  that  it  is  possible  to  machine 
faster  and  still  have  the  tool  last  longer,  providing  machine  tools  can 
be  made  to  cut  fast  epough.  Slakmann2  conducted  tests  in  1938  on  1045 
steal  with  a  ISO- horsepower  lathe  at  cutting  speeds  up  to  18,000  feet/ 
minute.  Evidently,  these  tests  were  not  successful  from  the  standpoint 
of  increasing  tool  life  with  cutting  spaed,  as  the  ceramic  cutters  used, 
apparently,  failed,  mors  or  less,  instantly  whan  operated  at  cutting 
speeds  in  excess  of  9,000  feet /minute.  About  the  same  time,  Vaughn^'^ 
conducted  more  extensive  and  alaberata  studies  for  high  speed  machining, 
while  the  results  of  Vaughn's  studies  allowed  that  the  optimum  cutting 
spaed  for  most  materials  is  graater  than  100,000  feet/minute,  these  were 
probably  shelved  due  to  a  lack  of  appropriate  machine  tools.  More  re¬ 
cently  ,  however,  machine  tool  technology  had  progressed  to  the  point 
where  interest  in  high  speed  machining  was  ones  again  aroused.  This 
technology  Included  advancements  in  numerical  control  systems,  bearing 
design,  spindle  design,  frequency  converter  power  supplies ,  pallet 
changing,  automatic  tool  changing  and  cutter  materials.  As  a  consequence, 


*  Superscript  numbers  in  text  refer  to  references  in  bibliography. 
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r~A  McDonald4  Mt  out  to  prove  and  advance  Vaughn' a  research,  In 
■Vying  so,  thaaa  raaaarehara  worked  with  tha  Bryant  Grinder  Corporation 
others  to  equip  an  existing  Sundatrand,  five- axes,  Modal  CM— 3 , 

Cam  iail  with  a  30,000  rpm,  30  horsepower  "Pindl**  ®«fVulta 

obtainad  with  modified  aaohina.  King  and  McDonald  raportad 
auoh  a  good  potential  foe  tha  high-apaad  machining  of  aluninun  that 
tha  Vought  corporation  mortified  ana  of  ita  Sundatrand  raninila  in  a 
duplicative  —  ""■»  f or  uaa  an  its  raaoareh  and  developmental  programs. 
Vought  alao  riirnlraail  bcbm  apaeial ,  solid  oarhida  and  mills  for 
evaluation  that  ware  designed  or  davalopad  by  those  researchers*  but 
other  thaaa  inputs,  this  Vought  conduct  ad  progrw  was,  assantiniiy, 
an  indapandant  developmental  effort. 

This  Technical  Report  presents  the  results  that  ware  gdnersttad  xmdar 
this  program.  As  a  synopsis,  it  can  be  generally  stated  that  tha  high 
speed  machining  of  ia  an  intriguing,  relatively  ears  process 

ipA  that  anyone  would  probably  be  reluetant  to  go  back  to  conventional 
feeds  and  speeds  after  being  exposed  to  it  for  a  weak  or  two.  Specif¬ 
ically,  Section  2.0  discusses  the  selection  of  workpiece  teat  materials 
and  cutting  tools.  In  Section  3.0,  cutting  temperature  tests  are  dasesUxsfl 


in  detail,  and  cutting  fluid  selection  is  discussed  in  Section  4.0. 
Machine  modifications  made  to  a  Sundstrand  Omnimil  and  Bullasd  Vertical 
Turret  Lathe  to  obtain  a  high-speed  machining  capability  are  described 
in  Section  5.0,  and  tasting  procedures  used  to  establish  high-speed 
machining  methods  are  discussed  in  Section  6.0.  Cutter  geometry  and 
optimisation  taata  are  described  in  Section  7.0.  Xn  Section  8.0,  test 
results  art  presented  for  machining  parameter  optimization.  Test 
results  for  cutting  fores,  deflection  and  horsepover  are  givan  in 
Section  9.0,  and  the  effects  of  high-speed  machining  on  surface  finish 
and  residual  atrass  generation  are  diacussed  in  Section  10.0. 

The  residual  stress  tests  and  analyses  were  accomplished  at  the 
Matcut  Research  Associates,  Xncorporatad  labor atoriss.  An  economic 
analysis  for  high-speed  machining  wae  also  conducted  by  Matout,  and 
the  results  are  given  in  Section  11.0.  In  Section  12.0,  conclusions 
and  recommendations ,  bated  on  information  darived  from  this  program, 
are  presented. 
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2.0  MATSUALS 


Work  materials.  for  this  progr—  wars  United  to  aluminum  and  its  alloys 
sad  war*  selected  fra*  that  category  on  tha  basis  of  being  representative 
of  aiaaila  fateioatioa.  Additionally,  tha  aost-difficult  and  least- 
dlfflcult~to-aanhina  alloys  sad  t sapors  in  this  elassifiaatioa  vara 
sought  to  daflaa  par— star  limits.  For  eaaapla,  A356-T6  oast  alvainua 
is  oaa  of  tha  aora  difficult-to-aanhlna  alum iniia  alloys.  Zt  has  a 
mao Usability  lndsx  (X)  of  140s,  which  sign if las  that  it  oaa  ba 
machlnad  approximately  40%  faster  than  11112  steel.  Consequently,  and 
baeaoaa  US6^6  aluminas  is  tha  ssaa  aatarial  from  which  tha  dsaonatration 
part  (Lancs  Shall  Quidanee  sat,  part  n— bar  10142178)  was  to  ba  aaohlnad, 
it  was  ona  of  tha  alloys  salaetad.  Othar  alloys  oonsidarad  were* 


KUQt 


MhcarnaixxjCT  judex 


7075-96  120 
2014-96  140 
2024-94  150 
4061-94  190 
2011-93  200 
216-*  240 


After  costing  oat  tha—  materials  la  tha  quantities  required  for  tasting, 
work  aatarial  requirements  wars  raduoad  to  and  ordarad  in  tha  following 
alloys,  sisas,  and  quantltiaai 

ALLOT  SI2S  00AWTXTY 

A3S4-94  2  by  12  by  '36  inehas  20 

A3 56-96  24  0D  by  IS  XS  by  18  inch—  6 

A356— 96  lanes  Shall  Casting  5 

7075-9651  2  by  4S  by  144  inohas  2 

7075—96  24  00  by  18  ZD  by  18  inehas  6 

6061-9651  2  by  48  by  144  inehas  2  " 

6061-96  24  OD  by  18  ZD  by  18  inehas  6 

This  group  of  alloys  —  compasses  a  wtds  rang*  of  mar hin ability,  and 
all  ara  f— iliar  ai sails  and  aarospaea  aatarials.  Tha  A356-T6 
aluadnua  oould  prasant  scbm  unpredictable  probl— s>  sines  it  is  a 
oast  aatarial,  and  its  principal  additive  is  silicon  (about  7%). 

Both  tha  insoluble  Sr—  silicon  particles  In  this  alloy  and  any  sand 
froa  easting  molds  would  ba  abrasive  and  ineraa—  tool-wear. 
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2.2  Cutting  Tool 


At  the  beginning  o£  this  program ,  solid  caxbida  and  mill a  ware  gen¬ 
erally  considered  to  be  optlann  for  the  high-epead  milling  of  alum- 
inum.  That  typa  of  cutter  not  only  provided  good  wear  and  cutting 
tMapaxature  resistance ,  but  King1*  stated  at  a  seminar  in  Dallas ,  Texas 
on  September  15,  1976,  that  solid  carbide  cutters  would  probably  not 
be  through  space  if  broken  while  turning  at  high  speeds.  In¬ 

stead,  such  cutters  would  likely  fracture  and  fall  harmlessly  to  the 
machining  table,  thus  providing  a  margin  of  safety. 

For  solid  carbide  end  mills,  there  is  a  practical  limit  to  the  size 
that  should  be  purchased.  For  example,  there  was  difficulty  in  ob¬ 
taining  solid  carbide  end  mills  in  a  1.25-inch  diamster  size.  These 
had  to  be  speoial  made  at  considerable  ooat  and  long  lead  time.  For 
these  reasons,  brasad  oasbida  end  mills  wars  purchased  initially  for 
all  aiaas  larger  than  1.25-inoh  diameter.  When  these  cutters  proved 
to  be  safe  and  satiafaetory,  brazed  carbide  end  mills  wars  subsequently 
purchased  in  smaller  eiaee. 

High  speed  steel  (HBS)  cutters  containing  4-percent  cobalt  were  also 
purchased  initially  to  activate  teats >  provide  a  backup,  and  to  pro¬ 
vide  e  reference  datum  against  which  to  compart  cuttsr  development 
gains.  This  type  of  sad  mill  performed  creditably  throughout  the 
program  and  was  used  extensively. 

A  list  oi  cutters  procured  for  this  program  would  include  (see  page 
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Cutter  Type 


Iach/Inchee 

Diameter 


Size  and  Shape 


lad  Hill,  ^Braced  Carbide 

Bad  Mill,  Brased  Carbide 
End  Mill,  Solid  Carbide 


find  Mill,  Solid  Carbide 
Bad  Mill,  CoHSS 


Bad  Mill,  CoBSS 
Drill,  Solid  Carbide 
Drill,  BBS 


Insert  Bolder,  Lathe 
Insert  Bolder,  Lethe 


Inch 

Flute 

Flute  Length 

2 

1.5 

2 

1.5 

3 

2.0 

3 

2.0 

3 

2.0 

2 

3/4 

2 

7/8 

2 

3/4 

2 

1-3/S 

2 

2-1/4 

4 

1-1/4 

4 

2 

4 

2-1/2 

4 

4.0 

4 

2.5  ' 

2 

1-1/2 

2 

2 

2 

3 

2 

2 

MM  90* 

U  Type  "C" 

1  X  1-1/4  X  6,  M-BVBM-8SC 
1  X  1-1/4  X  6,  SVBR-B5 


Carbide  Inserts 

3/16  x  3/4  «  3/4,  SPG  633 

12 

Carbide  Inserts 

3/16  X  3/4  X  3/4,  SMG  633 

12 

Carbide  Inserts 

1/8  x  3/4  X  3/4,  SBC  623 J 

25 

3.0  CUTTING  TPIPERATURJ  TESTS 
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3*1  Introduction 


It  is  ganarally  accoptad  that  tool  lifa  dacraaaas  u  cutting  spaads 
ara  ineraasad  and  that  thair  ralationahip  ovar  a  practical  ranga  can 
ba  axpraaaad  nathanatically6  as  follows i 


VT“  -  C 

whara 

V  ■  Cutting  Spaad 

7  -  Tool  Lifa 

n  ■  Matarial  Constant 

C  “  Matarial  Constant 


Tha  principal  raason  for  tha  tool  lifa  dacraasa  can  ba  attributed  to 
tha  tanparatura  risa  which  accompanies  ineraasad  cutting  spaads.  To 
explain,  tha a a  ara  two  important  haat  sourcas  involvad  in  tha  natal 
cutting  procaaa.  Ona  involvaa  plastic  deformation  anargias  along  shaar 
planasi  and  tha  othar  involvaa  frictional  anargias  along  tool-chip  contact 
araas  as  illustratad  in  Figure  2*  it  has  bean  shown ^  that  tha 
guantitias  of  haat  dsvalopad  at  thasa  sourcas  ara  diraotly  proportional 
to  shaar  valocitias  and  chip  velocities,  respectively,  and  that  both, 
in  turn,  ara  diraotly  proportional  to  cutting  spaad ;j.  Thus,  as  cutting 
spaads  ara  ineraasad,  tha  output  fras  thasa  haat  sourest  increase;  and, 
all  things  baing  squid,  chips  and  tools  got  hottar. 


•A  4011—1 
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The  action  of  increased  tool  temperature  la  to  aoftan  or  weaken  tha 
tool  aatarlal  ao  that  It  ahradaa  and  wears  more  readily8.  Cutting 
tools  hava  even  baan  known  to  fall  by  waldlng  to  workplaca  aatarlal. 
Thus,  thara  would  aaam  to  ba  daflnita  tharaal  rastralnta  to  high  speed 
machining i  and  It  was  tha  purpose  of  this  invastigatian  to  dotaralna 
whathar  at  not  such  rastralnta  would  prohibit  tha  high  apaad  machining 
of  aluminum  alloys.  This  was  accomplished  by  measuring  tha  tnperature 
of  tool-chip  contact  areas,  as  illustrated  In  Figure  3,  for  various 
machining  speeds,  feeds,  and  cutter  geometries  on  2014-W52  aluminum. 

RAM  II -4 


k  secondary  purpose  of  this  investigation  waa  to  dat ermine,  if  convenient, 
whether  or  not  the  cutting  temperature  for  e  given  material  peaked  at 
acme  unique  cutting  apeed.  It  had  bean  verified7  that,  essentially, 
all  tha  work  of  cutting  is  transformed  Into  thermal  anaxgy,  and  most  of 
that  energy  is  carried  off  In  tha  chips,  k  small  amount  of  the  energy 
goes  into  tha  werkpieoe,  and  an  even  smaller  Mount  goes  into  tha  tool 
<ef.  Figure  2).  ht  high  cutting  speeds,  as  much  aa  80%  of  tha  energy 
may  be  oarriad  off  by  the  ohipa.  Xt  la  this  circumstanae  which  makes 
high  apead  machining  possible.  Additionally,  other  investigators^'3 
have  presented  evidence  which  Indicates  that  the  cutting  temperature 
for  e  given  material  will  Increase  with  cutting  speeds  to  a  point  i  after 
which,  the  cutting  tMipereture  decreases  with  further  cutting  speed 
Increases.  Such  an  occurrence,  illustrated  in  Figure  4,  would  provide 
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two  cutting  speeds ,  on*  normal  (V^)  and  one  very  fast  (V3),  which 
should  produce  the  same  cutting  temperature  and,  therefore,  cutter 
*life.  Any  speed  falling  between  these  two  would  be  expected  to 
yield  a  shorter  cutter  life,  reaching  a  minimum  at  the  v2  cutting 
speed.  If  this  proved  to  be  the  case,  it  would  open  up  a  number  of 
possibilities.  Primarily,  it  would  establish  high  speed  machining 
as  a  meaningful  process ,  provided  equipment  having  the  spaed  ranges 
required  could  be  made  available.  For  these  reasons,  this  concept, 
was  investigated  within  the  liaita  of  the  contractors  time  frame 
and  readily  available  equipment  and  facilities. 


Experimental  Setup 

Hie  test  setup  used  in  this  invastigation  ia  illustrated  in  figure  3. 
Machining  was  accomplished  on  a  48-inch  swing,  infinitaly  variable 
cutting  spaed,  Mo.  2502  Monarch  lathe.  Pictorial  viewa  of  the  setup 
are  presented  in  figures  6,  ?,  8,  and  9.  The  thermoelectric 
circuit  is  patterned  after  one  described  by  Shaw  axaapt  that  it 
embraces  an  additional  compensating  circuit  developed  by  Trigger, 
Campbell,  and  Chao9  which  enables  throwaway  insert  cutting  tools 
to  be  used.  This  compensating  device  uses  the  zr  drop  resulting  from 
thermoelectric  flow  in  a  closed  circuit  to  nullify  the  parasltio  amf 
introduced  by  dissimilar  lead  materials  attached  to  cutting  inserts. 
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The  workpiece  vu  a  fa rged  2014*7652  aluminum  cylinder  approximately 
22  inches  in  diameter  by  12  inches  long  by  7/8-inch  wall  thickness. 

The  internal  diameter  was  step-machined  fc-inch  larger  by  fe-inch  deep 
to  loaate  and  retain  a  20.313  diameter  by  5/16-ineh  thick  clamping 
plate  made  of  2014-T652  aluminum.  The* cylinder  was  clamped  firmly 
in  an  insulated  four-jaw  chuck  which  acted  outwardly  against  the 
cylinder's  internal  wall,  is  a  safety  feature*  the  cylinder  wee  also 
elamped  axially  with  a  drawbar-like  device  which  also  served  as  a 
part  of  the  thermoelectric  circuit.  This  device  was  composed  of  the 
aforementioned  damping  plate*  *  3/4-inch  diameter  2014-T653  aluminum 
rod  which  was  approximately  61  iaohas  long  and  threaded  on  both  ends* 
e  2-inch  thick  by  4.12S'  inch  diameter  by  6- inch  dimeter  stepped  phenolic 
plug*  a  Hr- inch  thick  by  10- inch  diameter  tapered  2014-7652  aluminum 
clip /aarcury-cont act  plate*  and  assorted  washers  and  nuts.  These  ■ 
details  were  assembled  as  illustrated  in  Figure  9. 

Three  different  workpieee  brushes  were  tried  during  this  investigation. 

The  first  brush  was  made  from  a  atrip  of  2014-T6S2  aluminum  sheet  stock 
which  was  contoured  on  one  end  to  fit  the  workpiece  perimeter  as  indicated 
in  Figures  9  (alternate  method)  and  7.  The  use  of  this  method  waa 
discontinued  whan  it  was  verified  that  aluminum  rubbing  against  aluminum 
produced  galling*  seising*  end  poor  thermoelectric  signals.  The  second 
method  tried  was  a  variation  of  tha  first  in  that  a  pair  of  copper -carbon 
points  were  attached  to  tha  brush  as  shown  in  Figure  7.  While  this 
method  waa  not  totally  satisfactory*  especially  at  high  cutting  speeds* 
its  use  waa  not  discontinued  until  it  waa  found  that  catting  fluids 
getting  an  the  contest  points  amused  questionable  thermoelectric  signals 
to  ba  transmitted.  The  setup  finally  adopted  for  use  in  this  investigation 
was  tha  more  expensive*  but  more  reliable*  mercury-contact  brush  illustrated 
in  Figure  9  and  portrayed  in  Figure  •• 

A  pert  of  the  instrumentation  used  to  measure  tool-wcekpiece  thermocouple 
outputs  is  shown  in  Figure  9.  The  x-y  millivolt  recorder  shown  on  top 
of  the  eart  at  tha  left*  with  its  24  volt  power  supply  beneath,  is  a 
Honeywell,  Model  2206*  Viaioardar*  light  beam  oscillograph.  The  light 
beam  signal  waa  tram  Mitt  ad  by  e  Honeywell  M100-12Q  galvanometer  in  tha 
recorder.  Mot  shown  on  top  of  the  power  supply  is  a  Sanborn*  Model  8875* 
instrumentation  amplifier  which  was  mads  necessary  when  an  11*000  ohm 
resistor  (of.  Figure  5)  was  added  to  tha  thsxmoeleotrie  circuit  to  reduoe 
tha  effects  of  brush  contact*  resistance  variations.  The  digital  multimeter, 
shown  on  top  of  the  table  in  Figure  9*  is  Non-Linear  Systmsa'  Model  KX-1. 

This  instrument  was  used  to  calibrate  tool-workpiece  thermocouples  and  tha 
recorder  as  well  as  provide  a  direct  readout  for  cutting  temperature  emfs. 

Initially*  cutting  tests  were  conducted  dry.  is  e  follow-on*  different 
coolants  and  concentrations  were  evaluated  to  determine  their  affect  on 
cutting  temperature.  Tha  test  setup  used  to  evaluate  coolants  is  shown 
in  Figures  10*  11*  and  12.  It  Figure  10,  three  carefully  aimed  commercial 
coolants  are  sliown  awaiting  their  turn  to  be  tested.  Each  coolant  was 
pumped  from  its  container  to  tha  cutting  sane  by  the  adjustable  flow  rate* 
portable  pump  more  clearly  shown  in  Figure  6.  After  each  coolant  was 
tested*  the  pump  and  lines  were  washed  out  with  vatear  taken  from  tha 
container*!  shown.  Additionally,  water  was  also  used  as  a  coolant. 
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Coolants  war*  dalivered  to  ths  cutting  zona  via  the  hose  and  copper 
tubing  nozzle  shown  in  Figure  11.  The  valve  shown  in  that  figure 
was  uaad  to  adjust  coolant  pressure .  Coolant  flow  was  turned  on  and 
off  by  an  electrio  switch  at  the  pump  motor.  The  copper  tubing  nozzle 
was  crimped  as  shorn  in  Pigurs  12  to  improve  coolant  flow  to  the 
cutting  zona.  The  coolant  system  was  insulated  from  the  thermoelectric 
circuit  at  all  likely  points  of  contact  with  vinyl  tape  or  vinyl  sheet 
stock. 

Standard  carbide  inserts  and  lathe  toolholdera ,  as  exemplified  in  Figure  13 
(shown  on  page  18) ,  were  obtained  from  Valenite  in  three  different  configu- 
rations  for  the  cutting  testa.  Carbide  inserts  of  VC- 2  grade  were  obtained 
in  catalogue  numbers  8NG-833,  3PO-«33,  and  SZ0-623J.  The  respective 
toolholdars  obtained  for  use  with  these  inserts  were  designated  SVBR-85 , 
SVBR-83C,  and  A-SVBR-83C.  Chipbreakers  wara  also  used  to  securely  clamp 
the  copper-const  ant  an  thermocouple  wires  to  carbide  inserts  as  shown 
in  Figure  13.  To  prevent  ehipbreekers  from  be cxmbing  excessively  cocked 
by  the  thermocouple  wires  and  damaged,  a  tapered  relief  groove  was  ground 
for  the  wires  in  ths  bottom  side  of  the  chipbreekere.  X  0.001-inch  feeler 
gage  was  used  to  check  and  ’assume  that  intimate  contact  was  maintained 
between  chipbreakers  and  inserts. 

The  workpiece,  cutting  tool,  and  all  other  components  of  the  thermo¬ 
electric  circuit  were  insulated  from  the  lathe.  This  was  accomplished 
with  vinyl  tape,  vinyl  sheet  stock,  and  other  electrical ly  non-conduct ive 
materials.  An  o  hamster  was  used  periodically  to  check  the  neutrality  of 
the  circuit i  and  corrections,  particularly  whan  coolants  were  being  used, 
wara  made  as  required. 

3.3  Thermocouple  Calibration  Procedure 

Several  different  methods  could  have  been  uaed  to  measure  or  estimate 
cutting  temperatures.  The  thermoelectric  technique,  illustrated  in 
Figure  14 f  ia  considered  to  be  the  most  accurate  method  by  far. 


Pifttra  14.  Schatanla  Dlayrasi  Sbawtai  tha  Mass*  by  Whiah  Tool-Chip  latarfeca  Timeantum 
An  MaamaS  by  tha  ThormoatootHa  Toohataut.  (A)  Hot  Jasattaa,  (I)  CaMJuaattaa 


In  this  method,  the  cutting  tool  Mrvti  an  on*  lag  of  a  thermocouple! 
and  the  workpiece  Mrvti  as  tba  otbar.  Tha  tool-work  oontact  ar*a 
sarvas  as  tba  hot  junction  in  tba  tbaxaoalactric  circuit.  Tha  maf 
generated  thereby  the  thermocouple  is  proportional  to  tha  cutting 
tmaperaturs,  provided  tba  cold  junctions  are  not  heated  appreciably 
above  rocB  temperature. 

The  laws  of  thermoelectric  circuits  that  arw  applicable  hare  are 
ev— ariaad  as  follows7  t 

1.  The  amf  la  a  thermoelectric  circuit  depends  only  on  the 
difference  in  temperature  between  tha  hot  and  oold  junctions, 
end  is  independent  of  tba  gradients  in  the  parts  asking  up 

the  symtaau 

2.  The  m±  generated  is  independent  of  tha  sine  and  resistance 
of  the  ododaotors. 

2.  Xf  the  junction  of  two  natal a  is  at  uniform  temperature,  tha 
maf  generated  is  not  affected  if  a  third  natal,  which  is  at 
tha  ism  temperature,  is  used  to  nafcs  tha  junction  between 
tha  first  two. 

The  sinplast  and  possibly  the  noet  accurate  method  for  calibrating  tha 
tool  wart  thermocouple  is  illustrated  in  figure  15  '•  As  shown,  the 
most  convenient  fan  of  workpiece  is  so  a  Long  chip.  This  will  allow  the 
cold  and  of  tha  chip  to  remain  near  room  taaperature.  Xt  is  advisable 
to  grind  the  and  of  tha  tool  to  a  small  diamtar  to  insure  uniform 
temperature  and  to  limit  tha  quantity  of  boat  trsnsfarrad  to  tha  oold 
*»d  of  tha  tool.  To  furthar  asaura  that  the  oold  and  of  the  tool  remains 
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near  roam  temperature,  a  long  tool  should  be  used?  or  possibly,  two 
similar  tools  should  be  elmped  together.  According  to  tha  third  law 
above,  the  lead  bath  will  have  no  extraneous  effect  on  the  amf  Matured 
so  long  as  it  remains  at  uniform  teeperatura.  The  temperature  of  the 
land  bath  is  Matured  with  a  cbromal-aluMl  thermocouple.  Temperature- 
amf  calibrations  for  this  pair  are  well  known.  Thus,  the  amf  generated 


at  differ ant  temperatures  for  the  unknown  tool-chip  pair  are  compared 
with  the  emf  generated  by  the  known  chromal-alumel  pair;  and  calibration 
curvee  for  the  tool-chip  thermocouple  are  plotted,  accordingly.  Two 
typical  calibration  curves  7  are  shown  in  Figure  16 . 
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The  foregoing  method  would  not  be  suitable  for  use  with  carbide  inserts 
beaause  the  inserts  aold  junction  would  not  r amain  at  room  temperature 
ones  cutting  had  commenced.  Neither  could  the  aft  end  of  the  toolholder 
be  made  the  oold  junction  aa  this  would  introduce  an  extraneous  material. 

For  either  case,  parasitic  amfs  or  erroneous  readings  would  be  generated. 

To  oiroumvent  this  situation,  a  method  described  by  siekaann9,  which 
combines  techniques  developed  by  the  University  of  Illinois  and  Massachusetts 
Institute  of  Technology,  was  adapt ad  for  uaa  in  this  investigation.  The 
air ouit  for  the  method,  shewn  schematically^-0  in  Figure  17,  utilizes 
a  copper-con st ant an  thermocouple  lead  attached  to  the  inserts  so-called 
cold  junction.  Over  the  temperature  range  which  the  oold  junction  would 
vary,  the  thermoelectric  output  of  copper  and  constantan  with  respect  to 
carbide  are  nearly  equal  and  of  opposite  polarity.  When  these  two  leads 
are  connected  to  a  variable  resistor  and  the  outputs  are  balanced,  the 
effect  of  any  temperature  variation  with  room  temperature  at  the  cold 
junction  will  be  compensated  for  or  nulled.  This  method  was  used  to 
measure  cutting  temperatures  in  this  study. 
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To  calibrate  thaxnscouplaa  mad*  up  of  *  carbide  insert  and  a  workpiece 
material  for  tha  above  method,  a  technique  aimilar  to  one  deacribad  by 
sieknann9  and  aboan  in  Figures  18  and  19  waa  employed.  As  a  firat  atap, 
the  compensating  circuit  to  eliminate  intaraadiata  hot  junction  potential* 
at  th*  cold  junction  of  inaarta  waa  established.  In  Figure  18,  a  direct 
contact  to  the  simulated  cutting  tip  waa  made  with  th*  ideally  auited 
copper-conatantan  thermocouple.  Mart,  a  loootxn  variable  raaiator  waa 
plaead  in  aariaa  with  tha  thermocouple  leada  and  adjuated  ao  that  th* 

*■£  generated  by  tha  carbide ■coppar-conetantan  thermocouple  junction 
not  being  at  room  temperature  was  balanced  out  to  approximately  aero  at 
all  t^erasurea  up  to  900°?.  Next,  tha  carbide-work  thermocouple  was 
calibrated  aa  shown  in  Figure  19.  There,  tha  compensating  lead,  con¬ 
sisting  of  tha  coppar-conatantan  thermocouple  and  tha  adjusted  100-ohm 
resistor,  was  damped  to  tha  carbide  rod  and  connected  to  the  millivolt- 
netar  with  a  copper  wire.  Tha  other  lead,  consisting  of  a  long  2014-T652 
aluminas  chip  taken  from  tha  specimen  to  be  machined,  was  also  cunneeted 
to  tha  •illivoltmatar  with  a  copper  wire.  Both  leads  were  immersed  in 
■cerrobend",  as  illustxstad.  By  varying  tha  temperature  of  tha 
bath  sad  using  ■  ohromal-elumal  thermocouple  for  a  reference,  calibration 
aurves  twee  determined* 
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The  carbide  aide  of  the  calibration  circuit  was  made  up  of  four  short 
VC-2  carbide  bare  which  ware  brazed  together  as  shown  in  Figure  20 
(of.  Figure  19).  Brazing  presented  no  thermoelectric  problems,  as 
the  temperature  drop  across  the  brazes  was  found  to  be  insignificant. 

The  carbide-work-reference  junction  temperature  was  not  significantly 
effected  by  any  thermal  gradients  in  the  "Cerrobend"  bath  aa  these  were 
all  cleaved  within  very  cloae  proximity  of  each  other  and  carefully 
lowered  into  the  bath  by  means  of  double  clamps  mounted  on  the  iron 
etend  shown  in  figure  20.  The  temperature  of  the  bath  was  varied 
between  130°f  end  S>30°Tj  because  "Cerrobend”  solidifies  near  the  lower 
value,  and  aluminum  melts  near  the  higher  value.  Calibration  readings 
were  taken  at  30°F  intervale  during  both  the  heating  and  cooling  oycle 
as  indicated  in  Table  X.  Millivolt  values  at  each  tmopsrature  were 
averaged  to  minimise  any  errors  attributable  to  instrumentation  response 
or  thermal  gradients.  A  Honeywell,  Model  2206,  Visioorder  light  beam 
oscillograph,  see  figure  21,  was  used  initially  to  record  millivolt  outputs 
far  the  tool-work  thermocouple.  However,  its  use  wee  terminated  when  it 
was  found  that  the  fluke,  Model  2100A,  digital  thermometer  and  the  Non- 
Linear  Systems,  Modal  MX-1,  digital  multimeter  could  be  used  to  establish 
values  for  reference  and  tool-work  thermocouples,  respectively,  more 
readily  and,  perhaps,  mors  accurately.  The  aluminum  chip  shown  in 
Figures  20  and  21,  which  was  shorter  and  tightly  aurlad  originally,  was 
annealed  to  give  it  ductility.  Alao  shown  in  figure  21  are  the  dripping 
water  souraa  and  the  drain  funnel  and  tube  used  to  keep  the  oold  junction 
of  the  carbide  rod  in  figure  10  at  room  ttopwature.  finally,  the  entire 
calibration  cirouit  was  electrically  insulated  from  supporting  fixtures 
and  the  surrounding  work  area. 

TABLE  X  -  TYPICAL  CALIBRATION  DATA  OBTAINED  WITH  INSERT 
SPG-#1  fOR  VC-2  CARBXSS/2014-T652  ALUMINUM 
THERMOCOUPLE 


Temperature 

<°f) 

- m 

.livolta  | 

ki  siting 

Up 

Cooling 

Down 

Avar age 

ISO 

,r-,M 

0.36 

0.36 

200 

0.65 

0.65 

0.65 

250 

0.89 

0,93 

0.91 

300 

1.19 

1.23 

1.21 

350 

1.49 

1.55 

1.52 

400 

1.84 

1.87 

1.85 

450 

2.17 

2.19 

2.18 

500 

2.50 

2.52 

2.51 

550 

2.88 

.  2.86 

2.87 

600 

3.18 

3.19 

3.18 

650 

3.54 

3.55 

3.54 

700 

3.87 

3.91 

3.89 

750 

4.25 

4.26 

4.26 

SOO 

4.61 

4.62 

4.61 

850 

4,97 

4.96 

4,97 

900 

5.31 

5.31 

5.31 

950 

5.68 

5.63 

5.66 

To  bo  most  accurate,  the  cutter  and  alloy  that  will  ba  used  in  a  machin¬ 
ing  tast  should  also  ba  usad  to  calibrate  the  cutter-alloy  thermocouple. 
This  general  rule  results  from  the  well  known  fact  that  slight  differences 
in  the  chemical  composition  of  carbide  tips  or  workpieoes  can  significant¬ 
ly  effect  the  emf  output  of  a  tool-work  thermocouple.9  For  this  reason, 
the  carbide  rod  that  was  designed  to  reduce  heat  buildup  at  tha  cold 
junction  (see  Figure  20)  was  replaced  with  e  carbide  tip  or  insert  as 
shown  in  Figure  22.  There,  it  can  be  seen  that  the  compensating  copper- 
conatantan  thermocouple  lead  has  been  clasped  to  the  'cold*  junction  of 
the  insert.  It  wee  found  that  the  vires  in  thia  laad  would  oxidise  and 
emit  false  signals  if  haatad  too  many  tines.  As  a  consequence,  the  ex¬ 
posed  tips  of  tha  wires  wars  sanded  or  clipped  after  each  calibration. 

With  tha  chip  being  from  the  tast  werkpisos.  calibrations  wars  performed 
with  thia  setup  for  four  SEG-623J,  two  SNG-633,  and  two  SPG-633  inserts. 
The  results,  which  have  been  increased  25%  to  correct  for  11,000  ohms 
resistance  subsequently  placed  in  tha  circuit  to  minimize  possible  vari¬ 
ations  in  brush  resistance,  axe  given  in  Table  IX. 

TABLE  XX  -  EFFECT  OF  CUTTER  INSERT  AND  TEMPERATURE 
ON  EMF  OUTPUT  OF  VC-2  CARBXDE/2014-T652 
THERMOCOUPLE  FOR  HXSH  IMPEDANCE  SYSTEM 


MiUivolta/Xnaert  Number 


SEE-1 |  SEC— 2  I  SEC-3 


0.36 

0.74 

1.09 

1.46 

1.86 

2.25 

2.64 

3.05 

3.49 

3.86 

4.30 

4.71 

5.18 

5.59 

6.00 

6.45 

6.83 


48 

0.46 

84 

0.83 

20 

1.20 

2.04 

1.95 

2.44 

2.35 

2.88 

2.74 

3.30 

3.16 

3.74 

3.59 

>4.20 

4.01 

4.66 

4.45 

5.11 

4.91 

5.58 

5.36 

6.03 

5.79 

6.45 

6.25 

6.94 

6.73 

7.39 

7.13 
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As  events  were  to  prove,  only  three  of  the  lnserta  were  used  to  measure 
cutting  edge  temperatures .  calibration  curves  for  these  three  inserts 
are  presented  in  figure  23.  There,  it  can  he  seen  that  the  curves  are 
linear  from  about  350*  to  950*7.  As  the  curves  rise  above  950*7  and 
get  into  the  melting  range  of  alutinoa,  they  can  be  expected  to  change 
and  to  deteriorate*  Ter  computational  purposes,  however,  it  was  assumed 
that  the  curves  rmaained  linear  to  1200*7.  Using  linear  regression, 
aquations  for  these  three  calibration  curves,  whan  MV>2.0<8.1,  were 
found  to  bet 

(1)  Tor  370*4  Insert 

8-123  (MV)  +  120 

(2)  Tor  370*1  Insert 

.  + 

e  -  115.5  {MV)  +  135 

(3)  Tor  330*1  Insert 

9  -  111.4  (MV)  -)•  129 

where* 

9  -  Temperature,  degrees  fahranhsit 

MV  -  Millivolts. 

Slopes  and  intercepts  for  tha  uaplottad  eurvas  art  included  in  Table  XII. 
x  comparison  of  thasa  valuas  and  data  in  Tab la  XX  indioataa  that  tha  SEG-2 
370*1,  and  SNQ-2  inearta  have  tha  smaa  axaot  chemical  composition.  The 
chemical  composition  of  tha  3X0*3  inaart  may  ba  idantiaal  to  thaaa,  but 
tha  chemical  composition  of  tha  chemlnal  lyalika  SPG- 2  and  SHO-1  inearts 
is  not.  Cased  on  thasa  and  similar  obaarvations,  it  oan  ba  concluded 
that  all  tha  carbide  inserts  in  a  standard  package  do  not  nacessarily  have 
tha  asms  chemical  composition  end,  therefore,  calibration  curves.  Cali¬ 
bration  variations,  ss  shown  in  Tigurs  23,  oan  produce  temperature  errors 
up  to  30*7.  for  these  reasons,  it  is  important  in  alone  tolerance  work 
that  tha  correct  calibration  for  a  given  insert  ba  known  and  not  assumed. 

TXHUK  XXX  -  MATHEMATICAL  DESCRIPTION  07  CALIBRATION  CORVES 
TOR  INSERT*  WHIN  MV  >2.0 


S8G-1  I  SZG-2  I  SEG-3  I  3X0-4  !  370-1  I  SPG- 2  I  SNG-1  I  SNG-2 


23.0  I  115.5  I  110.5  I  111. 4  I  114.6 
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.4  Experimental  Frogedure 

After  clasping  tha  aluminum  cylinder  sacuzsly  in  tha  lath*  with  an  in¬ 
sulated  chuck  and  combination  brush-draw  bar  davica,  it  was  lightly 
turned  to  provide  a  cone an trie  aurfaca.  Tbs  tool  to  ba  experimented 
with  was  than  clamped  in  an  insnlatad  toolboldsr  so  that  side  or  radial 
puts  oould  ba  made.  A  turret*  boat  toolholdar  was  used  in  this  ease  to 
support  tha  cutting  tools  so  that  narhl.da  inserts  and  tharmoeouple  wires 
oould  be  examined  and  replaced  without  having  to  remove  the  tool  from 
its  holder.  She  ooppar-oaastaatan  thermocouple  lead  was  than  clampad 
to  tha  earbida  insert*  sad  eonaeetions  at  tha  other  cold  junction  of  tha 
toolworfc  thermocouple r  i.a. *  tha  mareury  vassal*  wars  completed . 

Prior  to  connecting  the  thermocouple  leads  to  the  x«y  osoiliograph  re¬ 
corder*  the  reoordar  was  oalihrmted.  This  was  accomplished  with  tha 
help  of  s  variable  resistanoa*  battery  powered*  millivolt  source  and  a 
digital  multimeter.  With  this  equipment*  diaerata  millivoltagaa  ware 
passed  through  the  recorder*  and  their  traces  were  recorded  as  shown  in 
Figure  24.  Whan  distances  between  the  millivolt  traces  were  measured, 
it  was  found  that  thslr  variation  was*  essentially*  linear  with  milli¬ 
volt  input.  As  a  conaaquanoa*  an  equation  was  developed  to  oonvert 
trace  displacement  measursmonta  to  millivolt*.  In  all*  this  calibration 
procedure  was  repeated  on  four  separata  oeeaaions  for  different  oon- 
ditiona.  Tha  oalibration  aquation  developed  for  use  with  the  mercury 
brush  system  end  tha  prinoipsl  one  west 

XV  -  0.398  1 

where:  • 

MV  ■  Millivolts 

X  ■  Distanoe  between  investigated  and  saro  millivolt  traces 

(centimeters) . 

“Tie  thermocouple  leads  were  connected  to  tha  recorder  end  the  whole  sys¬ 
tem  was  cheeked  with  a  multimeter*  a  process  that  was  to  ba  repeated 
several  tinea*  to  assure  that  it  was  Insulated  from  other  systems. 

To  ooBsaenoe  measuring  euttlng  temperatures,  tha  proper  feed  and  depth 
of  out  were  first  set  on  tha  lathe.  Afterwards*  the  lathe  wes  startedi 
sad  the  cutting  speed  was  idjustad  to  a  desired  value  with  a  rheostat 
control,  oust  prior  to  engaging  tha  latha  feed  mechanism,  tha  reoordar 
and  cutting  fluid*  if  one  ware  uaed*  were  activated.  The  tool  wee  then 
started  end  allowed  to  cut  for  tan  to  twenty  seconds)  during  which  time* 
the  enf  (millivolts)  was  recorded  with  the  osoiliograph  as  exemplified 
in  Figure  2S.  The  average  displacement  from  saro  of  such  an  amf  trace 
was  than  measured  and  converted  to  temperature  with  the  aid  of  Figures 
23  and  24  or  their  corresponding  aquations.  Setween  aaeh  run*  it  was 
oftan  necessary  to  raaova  a  built-up- edge  (BUS)  formed  between  the  cut¬ 
ting  edge  end  ehipbr^kar.  Failure  to  do  so  could  have  resulted  in  an 


30 


altered  cutter  geometry  or  material  and,  therefore,  an  incorrect  tem¬ 
perature  measurement. 

Repeating  this  procedure  for  all  inveatigationa,  the  temperature  output 
from  the  tool-chip  thermocouple  waa  determined  for  C-2  carbide  cutting 
toola  having  aide  rakee  of  -5*,  5s,  and  13*  and  back  rakea  of  -5*,  0*, 
and  5*,  respectively,  operated  at  cutting  apeeda  ranging  from  100  to 
4,700  feet/minute  and  a  faed  rata  of  0.0075  inch/revolution.  ,  Similar 
cutting  temperature  determinations  wars  established  for  a  0.013  inch/ 
ravolution  faad  rata  and  for  four  cutting  fluids,  one  of  which  waa  water. 
Depth  of  cut  waa  maintained  constant  at  0.100  inch  on  the  diameter  to 
conserve  material. 

Several  raruns  ware  required  to  eover  the  different  brush  systems  and 
electrical  ays tarns  used  and  to  substantiate  paradoxial  data  obtained 
from  the  cutting  fluid  studies.  Additionally,  aluminum,  being  a  ma¬ 
terial  that  tends  to  gall,  seise,  and  weld,  proved  troublesome  from  the 
standpoint  of  reproducing  cutting  temperature  date.  To  provide  enough 
material  to  complete  the  study,  two  forged  2014-T652  aluminum  cylinders, 
approximately  20  inches  inner  diameter  by  22  inches  outer  diameter  by 
12  inches  long,  wore  procured.  Both  cylinders  were  fabricated  from  the 
same  mill  run  to  insure  unifom  chemical  end  physical  properties.  Data 
reproducibility  among  the  various  systems  was  found  to  ba  good  after  ob¬ 
vious  discrepancies  wars  eliminated.  In  the  final  analysis,  only  data 
developed  with  the  mercury  brush  system  waa  used.  Reproducibility  with 
this  system  waa  found  to  be  within  approximately  plus  or  minus  0.3 
millivolt  (+30*F). 

3.3  affect  of  Speed  and  geometry  on  Cutting  Temperature 

The  change  in  cutting  edge  temperature  with  cutting  speed  ia  shown  in 
Figure  26  for  three  different  lathe  cutter  geometries.  The  curves  in 
that  figure  have  been  normalised  to  the  extent  that  edch  was  plotted  on 
log- log  paper,  and  the  mathematical  expression  for  seah  was  determined 
by  linear  regression.  The  equations  thus  derived  were  used  to  help  con¬ 
struct  the  curves  shown  in  Figure  26  and  are  superimposed  thereon  for 
reference.  Also  superimposed  on  that  figure  is  tha  malting  range  or 
spectrum  for  aluminum  and  its  alloys.  From  that  expanded  plot,  it  is 
seen  that  each  cutting  temperature  curve  tends  to  peak  near  tha  melting 
point  of  aluminum.  This  is  partly  understandable,  because  it  would  not 
ba  expected  that  the  cutting  temperature  of  e  material  would  exceed  its 
malting  temperature.  The  fact  that  one  of  tha  curves  appears  to  pass 
through  the  melting  range  can  probably  be  explained  by  one  of  two  rea¬ 
sons-  First,  the  malting  temperature  of  tha  particular  alloy  used  in 
thia  investigation  may  have  been  approximately  1,200*F.  Secondly,  data 
points  for  that  portion  of  tha  curve  lying  above  950 •?  were  calculated 
by  extrapolating  calibration  curve  data  (af.  Figure  23):,  a  dubious  pro¬ 
cedure  at  beet;  therefore,  the  slope  of  that  portion  of  the  curve  lying 
in  and  above  the  malting  range  may  need  to  be  corrected  downward.  In 
any  event,  these  curves  and  melting  spectrum  tend  to  indicate  that  the 
cutting  temperature  for  aluminum  alloys  will  probably  never  exceed  1,200*F. 
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Previously,  Datsko11  had  found  for  a  wida  range  of  materials  that  the 
cutting  velocity  producing  a  60-minute  tool  life  ( V&Q)  with  high  speed 
steel  (HSS)  cutters  would  generate  a  corresponding  cutting  edge  tem¬ 
perature  of  975*  +  25*7.  Similarly,  for  a  cutting  velocity  yielding  a 
20-minute  tool  life  (v20) ,  the  corresponding  cutting  edge  temperature 
would  be  1,025*  +,  25*7.  At  a  cutting  edge  temperature  of  1,200*7,  tool 
life  would,  by  extrapolation,  be  approximately  0.5-minute.  Based  on 
these  and  the  above  observations,  it  was  concluded  thatt  (1)  since 
aluminum  ia  normally  turned  with  cutters  having  ths  geometries  shown 
in  the  lever  two  curves,  earbida  cutters,  if  not  HSS  cutters,  can  with¬ 
stand  the  cutting  edge  temperatures  developed  when  machining  aluminum 
alloys  et  very  high  velocities,  end  (2)  a  alight  change  in  cutting  edge 
tamp«rature>  e.g.,  50*7,  can  have  a  significant  effect  on  cutter  life. 

Each  of  the  curves  in  7igure  26  follow  another  similar  pattsm.  That 
is,  the  cutting  temperatures  associated  with  each  rise  sharply  betwesn 
cutting  speeds  of  ssro  and  250  faet/minute,  moderately  between  cutting 
speeds  of  250  and  1,000  faat/minuta,  and  slowly  betwesn  cutting  speeds 
of  1,000  end  5,000  faet/minute.  Additionally,  the  two  lower  curves 
appear  to  be  trying  to  plateau  or  level  off  et  cutting  speeds  beyond 
1,500  faet/minute.  At  that  cutting  speed,  the  corresponding  cutting 
sdge  temperature  for  each  reaches  80%  of  the  value  it  attains  at  5,000 
faet/minute  end  70%  of  the  value  it  would  probably  attain  at  10,000 
faet/minute.  Thus,  it  was  concluded  that  most  of  a  cutting  edgs  tem¬ 
perature  rise  occurs  at  low  rather  than  high  autting  speeds  and  that 
this  ia  one  feature  or  characteristic  which  doss  much  toward  opening 
the  door  to  high  speed  machining. 

The  plataauing  effect  observed  for  the  curves  in  7igurt  26  suggesttd 
that  autting  edge  temperatures  may  ceass  to  rise  ones  corresponding  cut¬ 
ting  spaeda  have  reached  some  unique ,  high  velocity.  This  concept  was 
sxplored  with  ths  lower  curve  in  ?iguxe  26.  There,  it  wee  assumed  that 
the  autting  edge  temperature  would  continue  to  rise  slowly  toward  the 
melting  temperature  (1,200*7,  maximum)  of  the  aluminum  alloy.  Using 
the  equation  for  this  curve  and  axtrapolating ,  the  theoretical  cutting 
speed  that  would  generate  a  autting  edge  temperature  of  1,200*7  was 
found  to  be  19,600  feet/minute.  Beyond  that  cutting  speed,  it  would 
not  be  reasonable  to  expect  a  further  cutting  adga  temperature  rise; 
because  such  a  resultant  cutting  sdge  temperature  would  have  to  exceed 
the  melting  temperature  of  the  aluminum  workpiece,  an  unlikely  occur¬ 
rence.  Since  it  is  unlikely  that  cutting  edge  temperature  will  incraase 
beyond  1,200*7  in  this  case  and  this  temperature  is  rsachod  at  a  cut¬ 
ting  speed  of  approximately  19,600  feet/Tainuta,  it  wes  postulated  that 
there  is  a  unique  autting  speed  at  which  cutting  adga  temperatures  ceeaa 
to  riee.  If  this  be  the  case,  several  interesting  possibilities  arise. 

7 or  one,  it  would  be  theoretically  possible  in  this  exampls  to  continus 
turning  at  infinitaly  higher  speeds  than  19,600  fsst/minuta,  because 
there  should  be  no  further  rise  in  cutting  edge  temperature  and,  thera- 
fore,  no  furthar  reduction  in  cutter  life.  Another  interesting  possi¬ 
bility  involves  cutter  geometry.  The  cutter  geometries  represented  by 
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the  top  two  curves  in  figure  26  should,  butd  on  tha  curve  aquations, 
ganarata  a  cutting  adga  tanparatura  of  1,200*7  at  cutting  spaada  of 
appraiaataly  4,500  and  13,000  faat/Binuta.  At  cutting  spaads  below 
19,600  faat/Binuta,  both  these  euttar  geometries  should  yield  shorter 
tool  lives  than  tha  cutter  g soma try  represented  in  tha  lower  curve;  be* 
causa  both  would  ganarata  higher  cutting  adga  temperatures .  Conversely, 
for  all  cutting  spaads  in  excess  of  19,600  faat/Binuta,  all  three  cut¬ 
ter  geometries  should  generate  tha  ernes  upper  Unit,  cutting  edge  tem¬ 
perature  of  approximately  1,200*7  and,  theoretically,  the  sane  tool  lifa. 
Bcwevar,  these  are  other  factors 'Which  affect  tool  life  besides  cutting 
tmeparature.  One  of  these  would  be  cutter  strength,  and  it  would  not  be 
surprising  to  find  that  tha  superior  strength  offered  by  tha  cutter 
geaawtry  for  tha  top  curve  would  lead  to  a  superior  tool  lifa  whan  all 
are  operated  at  cutting  speeds  above  19,600  faat/ainute.  Similarly, 
tha  cutter  geometry  for  tha  middle  curve  might  yield  the  next  best  tool 
lifa.  thus,  in  effect,  it  may  be  found  that  the  influence  of  cutter 
genes  (ay  on  tool  life  tends  to  reverse  at  cutting  speeds  near  that  at 
which  cutting  edge  temperatures  oases  to  rise  and  that  there  may  be 
tradeoffs  at  leaser  speeds.  While  no  reversing  trend  (of.  figure  4) 
for  cutting  edge  temperatures  was  observed  in  this  limited  velocity 
study,  the  plataauing  effect  that  waa  evidenced  suggeats  that  such  is 
possible  and  that  infinitely  high  cutting  speeda  are  feaalble  for 
aluminum  alloye. 

The  influence  of  euttar  geomatary  on  providing  cutting  edge  temperature 
relief  ia  dearly  demonstrated  in  figure  26.  As  shown  in  that  figure 
for  a  cutting  speed  of  9,000  fest/minute,  cutting  edge  temperature  was 
decreased  from  1,230*7  to  1,003*7  to  920*7  by  switching  from  a  double 
negative  rake  (-5*  back  rake  (HO,  -5*  side  rake  (SID)  cutter  to  e 
positive  rake  (0*  BA,  5*  HI)  cutter  to  a  double  poeltive  rake  (3*  BA, 

13*  SB)  cutter,  respectively.  Baaed  on  the  Da taka  findings  reported 
above,  these  cutting  temperature  improvement!  would  be  expected  to  in¬ 
crease  tool  life  for  BBS  cutters  from  nil  to  well  over  60-minutes. 

When  cutter  geometry  data  in  figure  26  were  converted  to  effective  (true) 
rake  angles  and  raplotted  as  shown  in  figura  27,  the  affect  of  cutter 
geometry  on  cutting  tempera tore  became  more  meaningful.  Xn  the  latter 
figure,  it  is  seen  that  cutting  edge  tempera turae  decrease  as  sff active 
rake  angles  are  increased.  However,  increasing  effective  rake  engles 
has  the  adverse  affect  of  weakening  cutters.  Thus ,  to  the  extant  that 
adequate  cutter  strength  ia  maintained,  it  la  evident  from  figure  27 
that  euttar  geometry  can  be  progressively  manipulated  to  increase  tool 
life  by  reducing  cutting  edge  tempera tores . 

Sines  and  sills  generally  have  affective  rake  angles  ranging  from  10* 
to  34*,  it  can  be  concluded  from  figure  27  that  this  type  of  cutter  will 
produce  minimal  cutting  adga  temperatures.  Additionally,  milling  cutter 
teeth  can  operate  at  significantly  higher  peak  temperatures  than  can 
a  laths  tool7.  This  happens  beesusa  tbs  rest  period  that  obtains  bstwssn 
cuts  in  an  intermittent  operation  such  as  milling  allows  tha  temperature 
to  drop  very  rapidly  when  cutting  eeaaee.  Baaed  on  these  and  Datske'a 
observations ,  it  was  concluded  that  aluminum  alloys  can  be  satisfactorily 
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milled  at  cutting  ipMdi  to  at  least  5 ,000  fieat/minuts  with  high  speed 
steel  and  rn.lJ.la  and  no  cutting  fluid.  While  thia  conclusion  subse¬ 
quently  proved  to  be  aubatantially  sorreet,  it  was  found  that  cutting 
fluids  which  help  maintain  cuttar  clearance,  by  minimising  aluminum 
buildup  on  euttax  clearance  ahglee  or  flanks,  improve  the  life  of  end 
mills  appreciably. 

3.6  Iffact  of  Feed  kata  on  Cutting  Tamper* trure 

The  variation  in  cutting  tanparature  with  faed  rate  is  shown  in  figures 
2S  end  29.  As  before,  the  curve*  in  both  plots  ware  normalised  to  the 
extent  that  log- log  or  linear  plots  wars  made  for  each,  and  mathmnatical 
expressions  were  determined  foe  all  by  linear  regression.  In  turn#  the 
derived  equations  were  used  to  help  construct  the  curves  and  wera  super¬ 
imposed  on  the  plots  along  with  ths  malting  range  for  alumiaua  alloy a. 

St  is  seen  in  figure  21  that  faed  rata  does  act  have  a  large  effaot  on 
cutting  temperatures  for  aluminum  alloys,  for  instance ,  lowering  ths 
feed  rata  0.001  inch/ravolution  will  only  raduoa  cutting  tamparaturss 
about  12*f #  or  cutting  ths  faed  rats  in  half  will  only  raduoa  cutting 
temperatures  about  100  *f.  While  this  does  not  appear  to  bs  much  of  s 
reduction,  it  should  bs  remembered  from  Detsko's  work  that  a  50*F  drop 
in  cutting  temperature  can  triple  cutter  life#  a  worthwhile  gain.  No 
exact  raaeon  can  be  given  far  the  data  scatter  shown  for  food  rates  be¬ 
tween  0.006  and  C.0J7S  inch/re volution .  These  points  were  established 
first,  and  it  may  bs  that  the  recording  system  had  not  besoms  stabilised 
yet.  In  any  event,  it  in  believed  that  the  scattered  data  points  era 
Invalid  and  that  the  linear  data  points  axe  correct.  The  results  of 
this  study  demonstrate  that  soma  cutting  tsmperatura  relief  for  aluminum 
alloys  can  be  obtained  by  seduoing  faed  sites  at  normal  cutting  speeds. 

Ths  plataauing  'effect  observed  for  the  curves  In  figure  26  is  seen  again 
in  figure  29#  shore  changes  in  cutting  temperature  with  cutting  spaed 
are  shown  for  feed  rates  of  0.0075  and  0.015  inch/revolution .  Again, 
both  curves  tend  to  peak  near  the  melting  point  of  aluminum  and  to  plateau 
at  cutting  speeds  beyond  1,500  feet/minute.  The  heavier  (0.015  inch) 
feed  cate  curve  plateaus  faster  than  the  lighter  (0.0075  inch)  faed  rate 
curve,  end  the  two  will  converge  near  the  melting  point  of  the  aluminum 
alloy.  Baaed  on  the  curve  equations  and  figure  26  results , ' the  two 
curves  will  converge  near  a  cutting  tarn  pears tore  of  l,200*f  end  e  cutting 
speed  of  19,000  feet/minute,  the  theoretical  points  in  this  instance  at 
which  catting  temperatures  cease  to  rise.  If  this  be  the  case,  doubling 
ths  feed  rata  at  cutting  speeds  beyond  19,000  feet/minuta  may  not  have 
any  further  effaot  on  cutting  temperatures  for  aluminum  alloys  >  and  this 
would  raise  soother  interesting  possibility.  That  is,  to  the  extant  that 
a  auttar  material  which  can  withstand  a  1,;Z00*F  tsmperatura  and  adequate 
cutter  strength,  machine  rigidity,  horsepower,  jig  and  fixture  strength, 
and  at  cetera  are  provided,  it  would  be  theoretically  possible  at  cutting 
speeds  beyond  19,000  faat/minuts  to  oontimua  turning  aluminum  at  infi¬ 
nitely  higher  feed  rates  than  0.0075  inch/zevo lution .  Such  s  capability 
would  greatly  improve  metal  removal  rates  end  would  be  made  possible 
because  there  would  be  no  further  rise  in  catting  temperature  end, 
therefore,  no  further  reductions  in  ouctsr  Ufa  at  such  speeds  end  feeds. 
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3.7  Effect  a f  Cutting  Fluids  on  Catting  Temperaturea 


All  of  tha  cutting  edge  temperature  studies  above  vara  conducted  with¬ 
out  cutting  fluida.  While  no  prohibitive  thermal  restraints  to  the 
high  spaed  milling  of  aluminum  alloy a  surfaced  aa  a  result  of  dry  cut¬ 
ting  ,  it  vaa  decided  to  ascertain  what  cutting  edge  temperature  relief 
cutting  fluida  night  provide.  Xn  line  with  that  investigation,  it  was 
also  decided  to  evaluate  cutting  fluida  in  the  hope  that  one  cutting 
fluid  night  provide  superior  cooling  to  the  others.  The  cutting  fluids 
selected  were  Codol  0741  (Stuart  Oil  Company).  Coolant  B.  and  Coolant 
C  (names  available  upon  request) .  Of  these.  Codol  0741  wee  the  cut¬ 
ting  fluid  than  used  at  Vcught  Corporation.  Each  of  those  cutting 
fluida  was  mixed  with  water  at  a  ratio  of  It 30.  as  recommended  by  the 
respective  manufacturers,  end  applied  as  a  flood  coolant  (of.  Figure 
10) .  Tap  water  was  salaotsd  as  a  reference  cutting  fluid  and  was 
tested  along  with  tha  other  three  cutting  fluida. 

Variations  in  cutting  edgs  temperature  with  cutting  spaed  end  the  dif¬ 
ferent  coolants  are  given  in  Figures  30  through  33.  For  comparative 
purposes,  variations  obtained  when  no  cutting  fluid  was  used  are  pre¬ 
sented  in  Figure  34  (of.  Figure  26).  Again,  linear  regression  was  used 
to  obtain  a  mathematical  expression  for  eaoh  curve.  Onlike  the  plots 
obtained  from  dry  cutting  data,  tha  plots  for  tha  cutting  fluid  data 
were  linear  up  to  a  cutting  speed  of  approximately  1.500  f eet/minuta i 
at  which  point,  tha  curves  changed  directions  and  were  again  linear. 

For  this  reason ,  mathematical  expressions  were  developed  for  both  lags 
of  these  curves,  aa  wall  aa  the  whole  curve .  Tha  results  obtained 
from  all  of  these  analyses  are  summarized  in  Figure  35. 

Xt  is  seen  in  Figure  35  that  tha  commercial  cutting  fluids  did  not 
prove  to  be  effective  in  this  study  for  reducing  cutting  edge  tem¬ 
peratures.  While  such  e  result  is  still  difficult  to  accept,  none  of 
the  efforts  made  to  reverse  it,  including  installing  a  mercury  brush 
system  in  the  thermoelectric  circuit,  were  successful .  Water  was  tha 
only  beneficial  coolant  found  among  the  three  commercial  coolants  as 
can  be  deduced  from  tha  table  superimposed  on  Figure  35.  Values  shown 
In  that  table  were  derived  with  the  statistically  developed  cutting 
temperature  equations  which  wars  also  superimposed  on  the  figure  for 
convenience.  These  equations  should  compensate  for  shoe  of  the  inherent 
inaccuracies  (about  +30*F)  of  the  thermoelectric  measuring  system,  of 
tha  commercial  cutting  fluids,  Codol  0741  appeared  to  bo  the  beat  cool¬ 
ant,  end  it  was  alosaly  followed,  in  turn,  by  Coolant  B  and  Coolant  C. 

3.8  Conclusions 


Since  aluminum  alloys  melt  at  a  tmaperatura  between  950 *F  and  1,180*T 
and  the  cutting  edge  temperature  curves  developed  in  this  study  tend  to 
peek  in  that  range  at  high  speada,  it  is  predicted  that  1,200*F  will  be 
the  approximate  upper  limit  for  cutting  edge  temperatures  when  machining 
aluminum  alloys.  Several  cutter  materials  exist  which  can  withstand  that 


41 


TOOL  OEStMTOY 


II-IIMVS 


tOSETBMMTIKm 


Itjjj  of  taoparaturai  and  cuttsr  geometry  and  feed  rata*  can  be  aanipu- 
latad  to  provide  tow  cutting  taaperaturs  relief,  if  naadad.  Additional¬ 
ly,  intermittent  cutting  and,  perhaps,  cutting  fluids  can  ba  usad  to 
provida  further  cutting  tanpsraturs  raliaf.  haaad  on  thesa  obaarvationa , 
it  wi  concluded  there  ara  no  unoorractabla  thermal  raatraints  which 
prohibit  the  high  ipeed  eachining  ef  aluainim  alloys. 


■fiworatiaally,  altaainue  has  a  critical  cutting  speedi  beyond  which,  there 
is  no  further  increase  in  cutting  tanparatura.  If  this  cutting  spaed 
aan  ba  reached  and  surpassed  in  a  practical  sanaa,  it  will  open  the  wey 
to  vastly  iaproved  natal  renewal  rates  for  it  follows  thatt  (1)  cutting 
apaeds  can  ba  infinitely  increased,  (2)  faed  rates,  being  directly  and 
indirectly  linked  to  cutting  speeds,  can  ba  infinitaly  increased  on  both 
accounts,  and  (3)  optima  cutter  gaums  try  configurations  will  reverse 
a  high  shear  to  e  high  strength  node  with  attendant  economies. 
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4.0  CUTTING  FLUID  OPTIMIZATION  TESTS 


4.1  Introduction 

Cutting  fluid!  «r«  not  always  required  for  tha  machining  of  aluminum  and  its 
alloys,  but  thair  um  is  nearly  always  banaficial  and  recommended.  At  low 
cutting  spaads,  tha  lubricating  action  of  cutting  fluids  improves  surfaca 
finish  by  reducing  friction,  built-up  sdgas,  and  taaring  of  machined  surfaces. 
At  high  autting  spaads,  the  cooling  action  of  cutting  fluids  disproves  tool 
life  by  reducing  cutting  temperature.  Furthermore,  at  axcesaiva  autting 
speeds,  both  the  cooling  and  lubricating  actions  of  cutting  fluids  improve 
jurfaoa  finish  and  tool  life  by  alleviating  incipient  welding  between  hot 
chips  and  cuttars  and  curbing  high  cutting  tanparatures.  While  tha  heat 
generated  by  aluminum  machining  ia  ralativaly  low,  tha  uaa  of  cutting  fluids 
ia,  none  the  leas,  rac amended ;  because  these  will  improve  the  already  good 
machinability  of  aluminum  through  reduction  of  friction  and  cooling. 

There  are  other  advantages  to  using  cutting  fluids  in  high  spaed  machining 
operations.  One  of  tha  more  important  advantage a  ia  thought  to  be  the 
improved  chip  control  provided  by  autting  fluids.  Aluminum  chips,  newly 
formed  at  high  cutting  speeds,  are  vary  hot  and  wildly  toaaad  about  tha 
machining  arse.  Such  chips,  which  can  bum  machine  operators  and  cause 
other  discomfort,  can  ba  cooled  and  suppressed  with  multi-nosala  high 
pressure,  cutting  fluid  systems.  This  and  leaser  systems  can  also  be  used 
advantageously  to  flush  or  wash  chips  free  from  cutting  areaa.  Finally,  a 
list  of  advantages  fee  using  autting  fluids  would  include i 

s.  Protect  finished  part  surfaces  from  corrosion 

b.  Lubricate  machine-tool  slidewaya 

a.  Lover  cutting  force  requirements 

d.  Lower  pert  temperature 

e.  Improve  dimensional  stability 

f.  Closer  tolerances 

Cutting  fluids  for  aluminum  generally  fall  into  one  of  tha  following  class¬ 
ifications* 

a.  Mineral  oil 

b.  Emulsions 

a.  Chemical  solution a 

Thera  era  a  number  of  good  cutting  fluids  available  from  any  one  of  thasa 
categories  with  which  to  machine  aluminum.  Each  has  its  advantages  and 
disadvantages,  and  a  problem  arises  whan  tha  time  arrives  to  aalact  one. 

Many  times,  a  trade-off  has  to  ba  mads*  e.g.,  selecting  a  cutting  fluid 
with  leas  oooling  capability  to  avoid  using  one  that  stains,  contaminates, 
inhibits  welding,  ia  expansive,  ia  toxio,  lowers  machinability,  induces 
stras-  corrosion,  yields  unacceptable  surface  finishes  or  dimensions,  or 
produces  soma  other  unacceptable  disadvantage.  Whan  a  cutting  fluid  has 
been  selected  for  a  process,  it  oust  undergo  considerable  tenting  to  prove 


that  it  i*  both  economical  and  ufi  to  use.  Even  than#  it  'is  not  un¬ 
common  for  sea*  production  problem  to  bo  traced  bade,  months  latar ,  to 
tha  ou thing  fluid  being  usad.  Fox  this  reason,  it  is  eonsidarad  to  ba 
both  risky  and  expensive  to  switch  to  a  new  cutting  fluid r  and,  there¬ 
fore  Vought  will  continue  to  use  its  currant  cutting  fluid  as  a  base 
while  testing  others.  The  purpose  of  this  investigation  was  to  identify 
and  substantiate  at  least  one  acceptable  coolant  method  for  the  high¬ 
speed  machining  of  aluninm  alloys. 


To  be  effective,  cutting  fluids  must  reach  the  cutting  edge  of  toola. 

This  means  that  a  cutting  fluid  must  be  oorsaetly  placed,  rather  than 
randomly  directed,  to  ever  reach  tha  tool-chip  interface.  At  high  cutting 
speeds,  this  requirement  becomes  mart  difficult  to  achieve.  Zdka  the  ease 
for  grinding  wheals,  euttars  or  workpieces  turning  at  high  speeds  tend  to 
fan,  blew  or  hurl  tha  cutting  fluid  away  from  tha  cutting  edge*  and  it  is 
questionable  if  any  cutting  fluid  ever  gats  to  tha  tool-chip  interface. 
There  are  several  basic  methods  for  applying  cutting  fluid  to  tbs  cutting 
sons,  and  each  of  those  cm  be  further  divided  into  sub-methods  as  illus¬ 
trated  by  the  crimped  no tale  applicator  in  Figure  12  for  the  flood  ap¬ 
plication  method.  Baoh  method  has  its  advantages,  disadvantages  and. 
economical  and  those  discussed  below  were  investigated  for  the  purpose 
of  selecting  the  one  best  suited  for  general  high-speed  machining  op¬ 
erations. 


linos  flooding  la  tha  most  common  method  for  applying  autting  fluids,  it 
was  tha  first  to  be  investigated.  Moat  production  machine  tools,  includ¬ 
ing  tha  funds trend  Omnimil  and  tha  Bullard  Vertical  Turret  lathe  used  in 
this  program,  are  equipped  with  a  flood  coolant  system.  This  systsn 
normally  aonslsts  of  a  low  pressure  pump  and  a  network  of  pipes,  valves 
end  Bossies  through  which  a  cutting  fluid  is  delivered  from  a  sump  to  tha 
cutting  sane,  generally,  the  cutting  fluid  floods  the  tool,  chip  and 
work  and  than  drains  into  tha  chip  pan;  from  whence,  it  returns  to  tha 
sump  pump  and  la  recycled.  The  lew  pressure  pump  on  the  Omni  mi  l  is 
shorn  in  Figure  31  along  with  a  high  pressure  puap  that  was  installed 
as  a  backup  should  such  be  needed  to  ferae  cutting  fluid  into  tool-chip 
interfaces.  The  high  pressure  pump  which  could  put  out  75  psi  pressure 
end  a  flow  rate  of  20  gallons /minute  through  a  3/4- inch  pipe  was  not 
needed  however,  aa  the  low  pressure  puap  prgved  to  be  adequate  for  de¬ 
livering  properly  placed  cutting  fluid  to  tool-chip  interfaces.  At 
times,  the  flood  method  appeared  to  be  too  adequate;  because  on  such 
occasions,  a  choking  mist  was  generated  about  the  Omniai 1  by  a  combina¬ 
tion  of  a  fast  turning  cutting  and  a  eepioua  flow  of  cutting  fluid. 

For  that  raason,  tha  flood  application  method  is  not  generally  recom¬ 
mended  for  high-speed  machining  with  and  mills  ov  er  1.0  inch  in  di¬ 
ameter. 
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Tha  problem  of  introducing  «n  offensive  vapor  miat  into  tha  atmoaphara 
ia  alao  a  limitation  for  thia  application  reathod.  Howavar ,  tha  praaaura- 
fad  typa  miat  ganarator  on  tha  Sundatxand  Omnimil  waa  found  to  produca  a 
laaa  offanaiva  vapor  miat  than  tha  combination  of  larga,  faat  turning 
auttara  and  flood  application .  Additionally ,  tha  praaaura-fed  ganarator 
dalivarad  anough  lubrication  to  cutting  adgaa  to  minimi aaaohip  build-up 
on  cuttar  flanks.  For  thaaa  raaaons,  and  bacauaa  tha  miat  application 
method  provldad  auparior  cooling,  it  ia  tha  mathod  yought  ganarally 
racommanda  foe  high-apaad  and  milling  oparationa  whan  ona  ia  raquirad. 


4.2.3  Manual 


plication  Mathod 


Soma  dramatic  raaulta  wars  obtainad  whan  filma  of  cutting  fluid  or  tapping 
compound  wara  brunhad  on  parts  to  ba  high-apaad  nachinad.  Machina  loads 
wara  obaarvad  to  drop  as  much  as  19%  on  auch  occaaiona.  Howavar,  thia 
mathod  of  application  waa  found  to  ba  too  axpanaiva  and  unsafa  for  ganaxal 
uaaga. 


4.2.4 


Electrostatic  Cooling  Method 


this  method  of  cooling  nay  yet  find  applications  in  high-speed  aachining 
for  such  aatariala  as  titantium  at— l,  and  tupar  alloys.  It  is  a  low  cost 
method  which,  according  to  ths  survey  aada,  reduces  tha  temperature  of  a 
heated  objact  jams diataly  whan  an  alaetrostatie  fiald  is  appliad  to  tha 
objact.  Shis  aathod  was  proposed  but  not  investigated,  bacausa  tha  high¬ 
speed  aachining  of  aluoimsa  did  not  present  any  difficult  cooling  problems. 


4.3  Selection  of  Candidate  Cutting  fluids 

ha  mentioned  in  paragraph  4.1,  selecting  an  optima  cutting  fluid  is  diffi¬ 
cult;  bacausa  thara  are  such  a  large  nuaber  and  variety  of  eeamarcially 
available  cutting  fluids  from  which  to  ohooaa.  Bach  of  thasa  would  have 
its  advantages  and  disadvantage a,  and  it  is  doubtful  if  all  could  ever  ba 
evaluated  within  tha  aoopa  of  a  given  program.  For  that  reason,  cutting 
fluid  tasting  is  generally  limited  to  a  few  aalaetad  products  which  have 
a  good  potential.  In  this  instance,  tha  application  methods  established 
in  paragraph  4.2  reduced  the  number  of  candidate  cutting  fluids  by  tending 
to  limit  selections  to  eaulaiona  or  water  soluble  oils.  For  these  reasons; 
tha  cutting  fluids  aalaetad  for  evaluation  in  this  pragma  wars  limited  tot 

BAKE  MABCTACTOM* 

Codol  0741  Stuart  Oil  Company 

coolant  B  Anonymous* 

Coolant  C  Anonymous* 

Specifically,  codol  0741  ws  aalaetad  bacausa  it  was  tha  cutting  fluid  than 
being  used  at  Vought  for  aluminum  machining  applications.  Coolant  >  was 
aalaetad  bacausa  it  was  used  at  Vought  on  occasions  and  was  known  to  have 
good  aosspatihility  with  altmdnum.  coolant  C  was  aalaetad  baoauaa  it  was 
a  relatival y  inexpensive,  premium  cutting  fluid. 


4.4  Cutting  Fluid  Evaluation 

4.4.1  Cutting  Temperature  Teats 

Tha  results  of  this  investigation  art  reported  in  detail  in  p*r*grvph 
3.7  and  are  auamarisad  in  Figure  35,  Essentially,  none  of  the  aalaetad 
cutting  fluids  appeared  to  lower  cutting  twperatures,  while  water  did. 
Abbreviated  tests  made  with  leaner  concentrations  of  tha  cutting  flulde 
snd  spray  mists  did  not  altar  those  results  significantly.  ;  As  a  con¬ 
sequence,  th*  ■elected  cutting  fluids  wars  considered  to  be  ovaraetive 
and  better  lubricants  than  coolants.  Sines  water  did  not  low*-  cutting 
temperature  appreciably  at  high  speeds,  it  was  fait  that  no  othar 
economical  cutting  fluid  would  either  and  tasting  was  discontinued. 


•Names  supplied  upon  request. 
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Of  the  cutting  fluids  tested,  Codol  0741  appeared  to  be  tha  bast  coolant, 
and  it  was  vary  closaly  followad,  in  turn,  by  Coolant  B  and  Coolant  C, 
respectively. 


4.4.2  Surface  Finish  Tasta 


Surfaoa  finish  tasts  wars  conductad  on  a  latha  with  a  satup  like  that 
shown  In  Figure  11.  Using  a  cutting  spaad  of  2,410  feet/minuta  (447  rpm) , 
a  faad  of  0.0075  inch/revolution ,  a  radial  dapth  of  cut  of  0.035-inch,  and 
SBS-623J  oarbids  insarts,  a  cut  approximately  3  inehas  long  by  20.6  inches 
diameter  was  mada  with  no  cutting  fluid.  Tha  faad  machaniam  was  than 
diaangagad  and  tha  tap  watar  cutting  fluid  (of.  Figure  10)  activated.  Tha 
faad  machaniam  was  then  ra-angogad,  and  another  cut  approximately  3  inches 
long  was  made  using  watar  as  a  cutting  fluid.  Similarly,  3  inch  long  by 
20.6  inches  diamatar  cuts  ware  made  using  tha  selected  commercial  solutions, 
mixed  It 30,  as  cutting  fluids.  (Notai  Tha  hose  and  nossla  through  which 
tha  cutting  fluids  ware  pumped  ware  rinsed  with  water  at  tha  conclusion  of 
each  taat  to  prevent  one  cutting  fluid  from  mixing  with  another) ■  After 
concluding  this  aariat  of  ita,  tha  Al  2014-T652  workpiece  was  removed  frem 
tha  latha,  and  tha  generated  surfaces  wars  measured  with  s  Taylor-Hobson 
Surtronio  2  profilomatar.  Tha  as-measured  surface  finishes  obtained  were* 


CUTTING  FLUID 

Dry 
Water 
Coolant  B 
Codol  0741 
Coolant  C 


SURFACE 
FINISH  (RMS) 

40-44 

40-44 

39- 41 
38-40 

40- 42 


Again,  littla  diffaranca  waa  noted  in  the  reaults  produced  by  tha  three 
coauarcial  cutting  fluids. 

4.4.3  Intergranular  corrosion  Teats 

Tha  purpose  of  this  tash  was  to  dstaxmina  if  any  of  tha  candidate  cutting 
fluids  (Codol  0/41,  Coolant  B,  Coolant  C)  had  any  detrimental  chemical  effects 
on  aluminum  alloys  A3S6,  6061  and  7075  by  performing  ambient  temperature 
stress  corrosion  tasta  for  tha  nina  combinations. 

Tha  hardware  used  in  conducting  tha  etraas  corrosion  tests  was  tha  following! 

a.  Test  Specimens#  All  teat  specimen  dimensions  were  0.25-inah 
thiak  by  0.75-inch  wide  by  10.0  inches  long.  The  A356  specimens 
were  prepared  from  e  Lance  missile  QfiC  shell,  and  tha  6061  and  7075 
specimens  wars  prepared  from  plats  material.'  All  materials  wars 

in  the  T6  temper. 

b.  Stress  Corrosion  Fixtures!  Ths  nine  test  fixtures  were  made  of 
aluminum-#,.*’;  con fortu.ri  to  Figure  37  dimensions.  These  fixtures 
were  previously  fabricated  by  Vought's  Engineering  Teat  Laboratory 
in  accordance  with  TR  66-52210-061. 
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Adequate  quantitiss  of  the  three  candidate  sotting  fluid 
materials  wars  mlxad  ls30  by  volurna  with  tap  mtu.  Tha 
fluids  exhibited  no  unplaaaant  odora  after  miring. 

Each  taat  specimen  was  strain  gag  ad,  using  CEA-125-ON-120  strain  gagas, 
Thaaa  strain  gagas  wara  appliad  at  tha  santar  location  of  taat  specimens, 
as  indicated  in  Figura  37,  and  connected  to  a  strain  indicator.  Aftar 
taking  a  no-load  raading,  a  specimen  was  placed  in  one  of  tha  stress 
corrosion  fixtures  and  than  stresaed,  using  the  1/2 ”-20  bolt  (of,  Figura 
37)  and  tha  strain  gaga  indicator.  Stress  was  appliad  until  tha  specimen 
waa  at  70%  of  the  yield  strength  literature  value.  Tha  strain  data  uaad 
as  a  guidalina  in  applying  70%  stress  levels  to  tost  speciaans  are  given 
as  follows* 


Taat 

Specimen 

Material 


A356-T6 

6061-T6 

7075-Tb 


Yield 

Strength 

(PSD 


70%  Yield 

Strength 

(PSD 


Modules  Of 
Elasticity (E) 
(PSD 


10.4  X  106 
9.9  x  10s 
10.3  x  10s 


Strain  G  70%  s 


-  Alisa 


Strain' 


1BB5  u  in/in 

2687 

4213 


The  strain  gay*  was  than  r amoved,  and  the  specimen  and  fixture  were  submerged 
approximately  1/4-inch  in  one  of  the  thre*  fiberglas  tanks  which  contained 
the  test  coolants*  This  same  procedure  was  used  in  preparing  all  eighteen  <18 ) 
specimens  for  tasting. 

In  the  first  half  of  the  tests,  nine  (9)  of  the  eighteen  (18)  specimens, 
consisting  of  cix  (6)  A356  and  three  (3)  7075  specimens,  were  submerged  in 
the  three  tanks  of  cutting  fluid.  Of  these,  two  (2)  A356  and  one  (1)  7075 
specimens  were  pieced  in  each  tank  of  cutting  fluid.  The  specimen*  were 
allowed  to  remain  exposed  in  the  coolants  (with  the  top  of  the  fiberglas 
tanks  covered)  for  30  days.  After  the  exposure  was  complsted,  the  specimens 
and  fixtures  were  removed  from  the  fluids,  water  rinsed;  and  the  specimens 
were  metallurgically  examined.  The  metallurgical  examinations  revealed  that 
no  stress  cracking  or  corrosion  had  occurred  to  any  of  the  A3 5 6  or  7075 
aluminum  specimens*  The  only  effect  noted  wta  that  some  darkening  of  the 
specimens  had  occurred  and  was  more  predominant  on  the  A3 5 6  than  the  7075 
specimens.  Figures  38  through  40  portray  the  post-teat  condition  of  the 
test  specimens.  Examination  of  the  coolants  showed  that  the  Coolant  C  ex¬ 
perienced  some  breakdown  end  exhibited  lumpinees  end  an  unpleasant  odor. 

The  Coolant  6  and  Codol  0741  fluids  did  not  exhibit  any  breakdown  and  did 
not  have  any  lumpinass  or  unpleasant  odors.  Figura  41  shows  tha  condition 


of  the  fluids  after  30  days. 

NU01J  SA  401 1  — PI 


PlfUrt  31.  ConSItiae  el  Twe  A380  end  0m  7078  Aluminum  Seta  Carraisn 
Sped  mat  Aftw  30  Oeyi  Ixpemre  ta  Caelent  C 
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The  above  procedure  was  than  repeated  for  tha  nlna  (9)  remaining  speoimena 

whirii  consiatad  of  «ix  (6)  6061-T651  and  three  (3)  7075-T651  specimens.  Ail 

of  thaaa  specimens  wara  atraaaad  to  70%  of 'yield  strength,  placad  into  tha 

thraa  (3)  30-day  old  tast  fluids*  and  allowad  to  remain  for  thirty-six  (36) 

days.  Aftar  tha  axposura  was  oonplatad*  tha  samp  las  wara  ramovsd*  rinsad 

with  watar*  and  matallurgically  examined.  Tha  matallurgical  axaminations 

revealed  that  no  strass  cracking  or  corrosion  had  oaaurrad  to  any  of  tha 

6061  or  7075  aluminum  ipacimana.  Figures  42  through  44  portray  tha  post-  I 

tast  condition  of  tho  ipaoiaana.  Examination  of  tha  coolants  aftar  aixty-  . 

six  (30  +  36)  days  showad  that  Coolant  C  had  excessive, breakdown  (uniform 

lumpinass  and  vary  unplaasant  odor) .  Sana  lumpinoss  and  odor  wara  notad 

in  tha  Codol  0741  and,  to  a  lassax  axtont,  Coolant  B  fluids.  Figure  45 

shows  tha  condition  of  tha  fluids  aftar  sixty-six  (66)  days.  ,;1 

Tho  rasults  of  thaaa  tasts  ravaalad  that  all  thraa  fluids  wara  compatible 
with  aluminum  and  safe  to  usa  whan  machining  that  material.  Tha  rasults 
also  indicated  that  Coolant  B,  followed  closely  by  Codol  0741,  had  tha 
greatest  resistance  to  bacteria  growth  of  any  of  tha  thraa  fluids.  Ad¬ 
ditionally,  the  results  showad  that  Coolant  B  would  be  lass  likely  to  stain 
any  of  tha  tested  aluminum  alloys. 
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Figure  45.  Condition  ert  Condldrtt  Cooiinti  A  ft  or  68  Qtyi 


Pricing  requests  were  submitted  to  local  distributors  of  the  three  candidate 
cutting  fluids  by  Vought  purchasing  agents.  Prices  obtained  for  the  three 
fluids  in  varying  quantities  were  as  follows  t 


Cutting 

3-g 

10-19 

20-39 

Over  40 

Fluid 

grass 

Drums 

Drums 

Drums 

Coolant  B 

64.79/gal. 

'94.74/gal. 

64.69/gal. 

64.64/gal. 

Oodol  0741 

4.01/gal. 

3.95/gal. 

3.69/gal. 

3.83/gal. 

Coolant  C  — —  3.63/gal.  — — 

To  be  fair,  a  cost  analysis  would  have  to  include  indirect  ooats  as  well  as 
direct  costs.  This  would  include  such  entries  as  oost  per  gallon,  replenish- 
aent  cost,  cutting  fluid  life,  cost  of  additivas,  filtration  costs,  maintenance 
costs,  product  Inprnv— nt,  production  rata  improvement,  tool  life  improvement, 
and  others.  An  analysis  of  that  magnitude  was  beyond  the  scope  end,  perhaps, 
time  frame  of  this  program)  therefore,  none  was  made.  However,  based  upon 
the  above  prices  and  Figura  45,  it  is  conceivable  that  Codol  0741  would  be  the 
least  expensive  cutting  fluid. 


Conclusions 

Othar  tests i  e.g. ,  nanh inability,  dermatitis,  and  toxicity  could  have  been 
performed,  but  it  was  felt  that  the  results  so  obtained  would  not  significantly 
altar  any  rankings  established  by  the  foregoing  testa.  Based  on  tha  rasulte  of 
those  foregoing  tests,  none  of  tha  candidate  cutting  fluids  were  found  to  be 
overall  superior  to  Codol  0741.  Therefore,  Codol  0741  was  considered  to  be 
an  acceptable  cutting  fluid  for  high  spaed  machining  applications)  and  it  was 
selected  for  uae  in  the  remainder  of  this  progrma. 


MODIFICATION  OF  EQUIPMENT 


t 


5.X  Introduction 

The  stata-of-tha-art  «ci*ting  at  tha  tin*  of  thia  program  llmitad  high 
a pa ad  machining  to  only  a  few  of  tha  savaxal  machining  proaaasaa. 

Thoaa  that  amployed  a  ravolving  apindla  rathar  than  a  ravolving  work- 
piaea  of farad  tha  moat  potantlal  for  high  apaad  machining  application . 
For  instance,.  it  oould  ba  haaardoua  to  attampt  to  turn  an  unbalanoad 
part  on  a  latha  at  4,000  rpmi  whereas  it  would  praaant  virtually  no 
problem  to  turn  a  milling  euttar  at  that  apaad.  Additionally,  thara 
vara  no  known  racipro eating  maohina  too la  capable  of  producing  high 
cutting  apaads  axoapt  thoaa  utilising  ultraaonic  vibration »  and  ultra- 
aonic  vibrations  wars  too  vaak  to  driva  avan  a  modest- sise  tool  or 
vorkpiaoa.  For  thaaa  reasons,  high  speed  maehing  procaaa  salaetiona 
ware  limited  to  rotating  apindla  type  maohina  tools. 

To  provide  a  high  apaad  apindla  capability,  a  Sunda trend  OM-3  Onnimil, 
5-axis,  N/C  machining  center  and  a  Bullard  VTL,  3-axia,  N/C  maohina 
wore  retrofitted  with  high  apaad  spindles,  additionally,  safety 
features  and  other  provisions  had  to  ba  incorporated  into  these  new 
high  apaad  systems.  Thaaa  modifications,  which  provided  high  apaad 
and  milling,  drilling,  and  turning  facilities,  era  described  in  more 
detail  below. 


5.2 


Views  of  tha  Onnimil  before  and  after  modifications  are  presented  in 
Figures  46  and  47,  respectively.  Tha  work  area  for  tha  modified 
n—iC, mi r  is  shown  in  Figure  48.  In  making  thaaa  changes,  it  became 
necessary  to  give  up  tha  automatic  tool  changing  and  pallet  (part) 
changing  systems  shown  in  Figure  46.  As  a  raault,  tha  productivity 
of  tha  machine  was  greatly  reduced.  Tha  principal  modifications  mada 
for  tha  Cmnimil  are  discussed  in  tha  following  subsections. 


5.2.1 


Tha  housing  shown  built  around  tha  worktable  in  Figures  47  and  48  was 
installed  primarily  to  prevant  high  velocity  objects i  a.g.,  broken 
cutters,  from  striking  and  injuring  sasmena.  Thia  protective  enclosure 
was  affective  tha  only  tlma  it  was  tasted  and  also  oaught  many  of  tha 
chips  produced  whan  machining. 


Tha  housing  was  of  lamina tad  construction,  being  formed  from  four- 
layers  of  0.062- inch  thick  707S-T6  aluminum  that  was  subsequently 
riveted  together.  In  front,  it  had  a  sliding  section  which  provided 
acoass  for  loading  and  unloading  parts  and  tools.  Tha  top  of  tha  en¬ 
closure  was  mada  of  plaxiglas  to  maintain  batter  illumination  in  the 
work  area.  Four  pull-pins  wars  provided  for  attaching  the  structure 
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to  brackets  mounted  on  the  worktable •  Whan  desired,  thia  non-permanent 
housing  was  easily  removed  from  the  machine  by  an  overhead  hoist. 
Overall,  the  housing  was  approximately  four  feet  high,  four  feet  wide, 
and  eight  feet  long. 

3.2.2  Bryant  High-Speed  Spindle  System 

The  high  speed  spindle  shown  in  figure  49  was  designed  and  manufactured 
by  the  Bryant  Grinder  Corporation.  Zt  was  designated  as  Special  Bryant 
Modal  H- 9 14 -VC ,  motorised  spindle  and  had  the  following  characteristics i 

a.  Speed  range  of  10,300  rpa  to  20,000  rpm,,  infinitely  variable. 

b.  Horsepower  rata  of  20  horsepower  at  20,000  rpm,  10  horse¬ 
power  at  10,800  rpn,  peak  for  intermittent  service. 

c.  Milling  tool  holder.  Number  30  Standard  M.M.  taper,  manual 
tool  changing. 

d.  Spindle  bearings,  A8EC  Grads  9,  precision  ball  with  oil-air 
mist  lubrication. 

e.  Spindle  motor  oooling,  water  with  air-to-water  cooler. 

f.  Spindle  housing  dimensions  of  6.63  inches  diametsr  maximum 
by  13.75  inches  in  lsngth. 
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PM**  41.  Hlt»>piri  Uitilnii  Chaf  Rls| 

To  powar  this  spindla  notes,  a  no lid  atata,  variable  frequency  PTX 
TH6300,  30  KVA,  100  ampere  powar  supply  waa  inatallad  aa  ah  own  la 
Figure  50.  An  isolation  traaafomas  (ana  Figure  51)  was  inatallad 
batwaan  tha  powar  supply  and  ini at  powax  linaa  to  provide  tba  oo tract 
voltaga  (230  v,  3  phasa,  60  Hz)  and  to  furnish  lina  isolation.  A 
control  .panel  (rigura  52)  ,  installed  batwaan  tha  powar  supply  and 
spindla,  provided 1 

a.  Digital  tachometer  and  spaed  control  rheostat 

b.  Spindla  load  natar 

0.  Elapsed  time  me tar 

d.  Spindla  motor  temperature  gaga 

a.  Over-currant  protection 

f.  Feed  hold  output 

g.  Oil  reservoir  warning  indieater 

h.  coolant  systan  indicators  for  normal  and  malfunction  con¬ 
ditions  and  malfunction  interlocks. 


Ftpm  It  Nad  fur  OhM  HI»*i  M— I  l#Mla 


1.  Spindle  over- temperature  indicator  and  malfunction  inter¬ 
locks. 

j.  »i-level  over  currant  indicator  and  automatic  ayetem  ahutdown 

k.  iWitshas  for  all  power  control  ffunotiona. 

To  supply  coolant  to  the  apindla  motor,  a  30-gallon  tank  aaaembly 
(Figuro  S3)  canals  ting  of  a  pmp>  a  480-volt,  3-phase,  80  Ha  acton 
a  praaaura  regulator;  praaaura  gagas;  and  a  flow  switch  wgra  installed. 

A  apindla  lubrication  ayatan  consisting  of  a  lubrication  panel  assan- 
bly  and  an  oil-air  mist  blander  wars  installed  to  provide  oooling  to 
tha  bearings  and  internal  prassurisation  of  tha  apindla  housing.  Tha 
lubrication  penal  assembly  (rigura  54)  embodies  25-  and  5 -micron  auto¬ 
matic  drain  type  air  filters,  a  manual  air  line  shutoff  valve,  a 
solenoid  valve  operable  from  tbs  main  control  station,  an  air  pressure 
regulator,  an  oil  mist  pressure  switch,  a  large  capacity  reservoir, 
and  an  oil-mist  generator  with  float  switch  which  will  provide  approxi¬ 
mately  800  hours  lubrication  reserve.  The  air-oil  mist  blender  which 
mixes  clean  air  with  oil-mist  from  tha  mist  generator  to  provide 
internal  presaurisatlon  of  the  spindle  housing  mounts  to  the  top  of 
tha  Cmnlmll. 


Tha  regular  slow  (10  to  990  rpm)  and  fut  (40  to  4,000  rpn)  spaed 
spindles  on  a  Sundstrsnd  OM-3  Omnlall  ara  shown  In  Figure  55,  Whan 
tha  fast  spaed  sp India  was  fad  out  along  its  H-axis ,  it  protrudad  from 
tha  swivalad  machining  haad  as  shown  in  rigura  56.  From  that  position 
tha  fast  spindla  and  its  housing  (Figure  57)  wara  ramovad  from  tha 
machining  haad  aftar  disconnaetinq  about  3  linas  and  r amoving  scuta  16 
fastanars.  Tha  adaptor  or  high  spaed  spindla  housing  shown  in  Figure 
58  was  dasignad  and  fabrisatad  at  Vought  to  raplaoa  tha  ona  shewn  in 
Pigura  57.  k  spindla  easting,  lass  spindla  and  bearings,  could  have 
baen  purehasad  from  Sundstrand  and  maehinad  to  aeespt  tha  Bryant  spindla > 
but  tha  quo tad  laad  time  was  not  aocsptabls.  Tha  Vought  dasignad 
adaptor  is  shown  installed  in  Figuza  59.  For  good  rigidity,  this  naw 
spindla  housing  was  mounted  on  a  solid  bearing  block,  replacing  tha 
rollax  hearings.  Tha  7.5-inch  travel  on  tha  H-axia  was  lost  as  a 
result  of  these  changes.  Additionally,  capabilities  for  tha  autematie 
tool  changer  ware  lost  for  tha  Bryant  spindle  because  of  its  manual 
draw  bar  operation.  Continuing,  tha  Bryant  spindla  (cf .  Figure  49) 
was  positioned  in  its  special  housing  as  indicated  in  Figure  60  and 
elsBpsd  in  place  by  the  Vought  designed  sad  fabricated  clamp  ring  shown 
being  installed  in  Figure  61.  Installation  of  tha  spindla  was  com¬ 
pleted  whan  tha  clamp  ria?  was  bolted  to  tha  naw  housing  and  all  else- 
trical,  cooling,  and  lubriaating  linas  wars  oennsotad  as  shown  in 
rigura  62. 


Fi|*«  Si  Siaind  Slow  SpooO  Spiodl*  oh  Su^onaS  OH-3  OkrM 

\ 


Clfuri  It.  Cia  Splndla  a*  Sundonnd  QM-3  Omnimil  Ixtsmlad  aa  H-Axl* 


Flgura  17.  Original  ha  Soindl*  and  Houdai  for  OM-J  Omnimil 
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Pirn  a.  ImmIM  HliMpati  l#Wli 

Tha  sundstrand  fault  ipud  spindls  and  tba  Bryant  high  ipaad  spindls , 
aa  daaerlbad  ibova,  art  it tarehangaabla .  Aa  a  oonsaquanca ,  oparaticms 
can  ba  convaxtad  from  high  apaad  milling  to  ooavantional  milling,  or 
oonvarsaly,  in  approximataly  2  hours,  axoluding  allgnmant  tima. 

Tabla  Faad  Svstam 

Previously,  tha  OM-3  Ornniall  had  baan  equipped  with  a  Sundstrand,  SI 
SWXNC,  CMC,  mas  tar  control  unit,  having  a  11/05SC  minicomputer.  Thia 
control  provided  a  marjimaa  faad  rata  of  200  inohaa/minuta .  Aa  avanta 
wara  to  pxova,  that  faad  rata  was  not  closa  to  baing  fast  enough.  Tor 
a  20,000  rpm  spindla,  faad  ratas  to  400  inehas/miauta  can  now  ba  raoom 
■ended  and  faad  ratas  to  1,000  Inohas/mlnuta  may  not  ba  unzaalistie. 

It  is  said  that  tha  abova  control  unit  can  ba  modifiad  to  provida  faad 
ratas  up  to  400  inohaa/minuta  by  making  ana  hardwara  and  two  softvara 
modifications  i  howavar,  such  a  modification  remains  to  ba  evaluated. 

In  any  avant,  futora  users  of  thia  typa  of  equipment  should  s pacify 
highar  faad  ratas  for  thsir  wachinaa  than  was  uaad  in  this  program. 

Bullard  TO  Machina 

Onbalancad  parts  such  as  tha  guidanca  and  control  (G£C)  shall*  shown 
inTigura  63  hava  to  ba  turnad  at  ralativaly  low  spaada  to  oulniaixa 
machina  vibrations.  To  provide  a  aora  ccmpatitiva  turning  procass  for 
such  parts  in  particular  imd  a  batter  turning  capability  for  machining 
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aentars  in  general,  a  Bullard  Vartloal  Turrat  Lathe  (VTL) ,  3-axis, 
N/C  machina  was  fittad  with  a  high  speed  spindle  for  developmental 
studias  as  shown  in  Figure  64.  Datails  for  this  relatively  simple 
modification  ara  dascribad  balow. 


BCCO  High-Spaad  Spindla  System 

A  standard  routox  spindla  mad a  by  Ekstrcm,  Carlson  and  Cuapany  (ECCO) 
was  pro cur ad  for  installation  on  tha  Bullard  vartioal  turrat  latha. 

That  spindla,  which  is  shown  mountad  to  tha  sida  tool  post  of  tha 
Bullard  in  Figura  63  and  is  similar  in  aiza  to  that  in  Ekstrom,  Carlson 
drawing  P-548,  had  tha  following  specifications! 


Horsepower 

Spindla  speeds 

Cycles 

Drive  motor 

Driva  motor  cooling 

Cooling  system 

3pindle  nose 

Drawbar 

Spindla  lubrication 
Spindle  brake 
Horsepower  mater 


30  at  14,400  rpm,  10  at  7,200  rpm, 
and  5  at  3,600  rpm 

3 

240 t  120,  60 
Driva  AC 

4  to  6  gpm  -  water 

225-gallon  recirculating  tank  (optional) 

40  machine  tool  taper 

Manual 

Oil  mist 

Dynamic 

Yaa 


u 


K 

r-; 


l' 


Frequency  converter 
Bearings 

High  spindla  temperature 
Low  lubrication  level 
Reversible 
overall  dimensions 


Furnished 

Class  7 

Automatic  ahutdown 
Automatic  ahutdown 
No 

Saa  drawing  P-548 


To  power  thla  apindla  motor*  tha  Louia  Allia  (Litton)  motor-generator 
frequency  oonvartar  shown  in  Figura  66  waa  uaad  to  supply  20  KW/10  KW/ 

2  KVA  at  240/120/60  Bartz  through  tha  ECCO  tri-variabla  fraquancy  powar 
supply  shown  in  Figura  64.  DC  plugging  was  uaad  for  braking.  A  con¬ 
trol  panal  install ad  in  tha  powar  supply  eabinat  (of.  Figura  64)  batwaan 
tha  powar  supply  and  spindla  providadi 

a.  Spindla  load  matar 

b.  Switohas  for  all  powar  control  functions 

o.  Motor  ovarload  light  and  automatic  shutdown  systam 
d.  Spindla  ovsr  tamparatura  light  and  malfunction  interlocks 
a.  Luba  laval  light  and  malfunction  intar locks 

f.  Air  prassura  low  light  and  malfunction  interlocks 

g.  Speed  selector  switch. 

A  change  in  plans  lad  to  using  two  (2)  coupled  55-gju.lon  barrels  for 
a  spindla  motor  coolant  supply  reservoir  as  shown  in  Figura  67.  A 
spare  Browne  and  Sharpe  pump,  operating  off  115  volts  and  a  1/4- 
horsapower  motor,  waa  used  to  deliver  coolant  to  tha  spindla  motor  at 
pressures  to  30  psi. 

An  Alaaita,  serial  number  V-4,  lubricating  systam  was  supplied  by  ecco 
to  dalivar  oil  mist  to  front  and  roar  bearings  in  tha  spindla  motor. 

5.3.2  Installation  of  ECCO  High-Speed  Spindla 

Through  four  (4)  holes  in  its  base,  the  ECCO  high  speed  router  was 
bolted  to  an  adaptor  plate  which,  in  turn,  was  boltsd  to  a  tool-post 
adapter  and  clamped  in  tha  side  tool  post  as  shown  in  Figure  65.  A 
composite  view  of  tha  adapter  plats  assembly  is  shown  in  Figura  68. 
Alignment  for  this  simple  installation  was  enhanced  by  a  kayway  slot 
provided  in  tha  router  base  and  duplicated  in  the  adapter  plate  for 
two  different  positions. 


This  setup  was  not  vary  versatile.  For  instance,  if  the  spindla  or 
cutter  wars  retracted  an  inch  or  two,  tha  Bullard  side  saddle  (saa 
Figura  65)  would  hit  a  limit  switch.  Conversely,  if  the  spindla  ware 
advanced  an  inch  or  two,  tha  side  saddle  would  hit  tha  main  rotary 
tabla.  To  provide  naadsd  flexibility,  different  length  tool  holders 
ware  used  and  an  additional  locating  (kayway)  position  waa  machined  in 
tha  adapter  plate.  No  provisions  ware  made  for  machining  off-canter, 
which  waa  latsx  found  to  be  advantageous  in  producing  good  surface 
finishes.  Additionally,  feed  rataa  could  only  be  sat  by  trial  and  error 
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procedures ,  because  table  speeds  (revolutions  par  minute)  oould  not  be 
programmed  or  overridden  at  the  low  end  of  the  speed  range  that  had  to 
be  used.  Xn  emanation*  this  letup  proved  to  be  useful  but  awkward  for 
test  purposes. 

5.3.3  Safety  Chip  Guard 

The  shield  shown  in  Figure  69  vaa  designed  and  built  to  protect  person¬ 
nel  from  broken  cutters  and  chips.  As  shown  in  Figures  64  and  70  *  that 
guard  which  had  a  10- inch  inside  diameter  was  open  on  one  side  to  pro¬ 
vide  chip  relief  and  surrounded  the  cutter  elsewhere  to  provide  safety. 
It  also  fit  over  the  router  housing  and  vaa  mitered  against  the  work¬ 
piece  to  minimize  exposed  areas.  The  guard  was  positioned  by  sliding 
it  in  and  out  of  a  locating  fixture  with  the  aid  of  two  round  guide 
bars  as  shown  in  Figure  70.  The  locating  fixture  was  bolted  to  a  cap 
plate  which*  in  turn,  was  boltsd  to  the  router  beee  end  ita  adapter 
plate,  while  seldom  teated*  this  guard  proved  to  be  effective  in  re¬ 
straining  partially  brokan  cutters  on  at  least  two  occasions. 
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6.0  MACHINING  TEST  EQUIPMENT  AND  GENERAL  PROCEDURES 


Peripheral  End  Milling  * 

The  modified  Sundetrand,  Modal  CM- 3 ,  5-axes#  nunarlcal  control  (M/C) 
Omnimil  described  in  Saotion  5  (of.  Figures  4?  and  62)  waa  uaad  to 
oonduot  a  wida  variaty  of  peripheral  and  milling  taata  on  tha  aluminum 
alloys  aalaotad  in  Saotion  2.  This  maehina  was  idaally  auitad  for 
developmental  atudiaa  baoauaa  ita  speed  and  faad  wara  infinitely  vari¬ 
able  between  10 #800  to  20 #000  ravolutiona/minuta  and  0  to  200  inchaa/ 
minute#  respectively.  Additionally#  it  waa  equipped  with  a  digital 
tachometer  and  could  ba  operated  in  either  an  automatic  or  manual  mode. 

The  load  mater  on  thia  machine  wee  recalibrated  ac  that  it  could  ba 
uaad  indirectly  to  aeaaure  apindle  horaapower.  Tha  mater  itaalf  waa 
recalibrated  ao  that  a  reading  of  100%  waa  equal  to  80  amparaa  and 
other  percentile  raadinga  wara  proportional i  i.e.#  25%  equals  20 
amparaa  ori 

Amparaa  (1)  ■  80  (%  reading/100) 

Voltaga  waa  found  to  vary  linearly  with  apindle  apaad  aa  shown  below i 

Spaed  (rpm)  DC  (volte) 


10,800 

132 

14,400 

177 

18,000 

223 

20,200 

251 

Analytically,  these  data  wara  found  to  ba  related  aa  follows t 
Volta  (E)  -  (rpm  -  379)/79 

Thus,  by  reading  the  load  matar  and  digital  tachometer#  apindle  horaa¬ 
power  could  ba  read  directly  from  tha  nomograph  presented  in  Figure 
71,  or  computed  from  tha  abova  expressions  for  direct  current  values 
and  tha  following  relationship t 

Spindle  horaapower  (HPg)  -  EX/746 

While  tha  power  going  into  a  apindle  in  called  the  apindle  horaapower# 
the  power  coming  out  of  tha  i-pindle  to  drive  a  cutter  is  called  the 
cutter  horaapower.  The  ratio  of  these  two  values  is  a  measure  of  the 
efficiency  of  a  given  spindle.  In  thia  program,  cutter  horaapower 
was  calculated  from  tha  expression i 


■  3.03  X  10"5  F0  V 


Gutter  horsepower  (HFC) 


SPINDll  HONMPOWM 
Plm  71.  IfMto  Harmmwt  M»— 


whateat 

ra  -  cutting  fora*  (pounds) 

V  m  cutting  velocity  (faat/minuta) . 

Cutting  faraas  (f0)  vara  maasurad  with  a  3-axas  Billing  tahla 
dynamamatar  noun tad  in  a  vartioal  position  on  an  angla  bloak  as  shown 
in  rigura  72.  Faad  foscas  (Ff)  and  thrust  forcaa  (Ft)  wara  also 
aaasurad  with  this  dynasmatar  which  was  purehasad  £roa  cook#  Smith 
and  hssoaiataa  o£  Concord ,  Hassachuaatts.  Tha  output  of  tha 
dynanoaatar  was  piokad  up,  halanoad  and  asplifiad  with  a  Midwaatam, 
Nodal  210 t  oscillograph  (saa  Figaro  73)  and  raoordad  with  two  X-T 
plottars  aa  shown  in  Figura  74. 

Tha  tast  satup  shown  in  Figura  72  was  usod  with  and  without  tha 
dynamomatar  to  oonduct  paripharal  and  milling  tasta  fort 

a.  Optimum  radial  and  axial  dapths-of-cut 

b.  Cuttar  daflaction 

a.  Cuttar  pullout 

d.  Cutting  foroa  maasuraoanta 
a.  Horsapowar  computations . 


Flguro  73.  Insrumontitfgn  for  Mioiuriflg  Cutting  For  on 
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rlges  74.  X-V  Naum  Umi  u  Raaenl  Curtei  Perm  Traaai 

For  this  setup,  workpieces  £ar  ell  the  aluminum  alloys  vara  approxi¬ 
mately  2.25  inches  thick  by  12  laches  square.  These  ware  drilled, 
countarbored  sad  bolted  directly  to  the  dynamematar  as  indicated  in 
Figure  72.  The  flmnimil  was  operated  in  the  manual  made  for  all  of 
the  above  tests. 


By  mentally  removing  the  dynamometer  in  Figure  72  and  replacing  it 
with  the  vise  shown  on  top  of  the  angle  block  in  that  picture  one 
can,  after  further  mentally  rotating  the  angle  block  90  degrees, 
visualize  the  peripheral  end  milling  setup  used  to  machine  specimens 
fort 


Surface  finish  tests 
Residual  stress  tests. 


Specimens  for  these  tests  were  approximately  one-inch  thick  and  two 
inches  square  prior  to  machining.  Machining  was  aoeomplishad  manually 
by  jogging  tha  2-axis  to  machina  the  vertically  mounted  specimens. 

The  test  satup  shown  in  Figura  75  was  used  to  conduct  peripheral  and 
milling  tests  fors 

e.  Cutter  geometry 

b .  Cutting  speed 

c .  Feed  rates 

d.  Tool  life. 


Flfurt  78.  OmnnI  Ihrtplersl  IsS  Mlllh*  Twt  Imp 


Another  view  of  this  aatup  is  shown  in  Figure  76.  Thera,  it  can  ba 
obaarvad  that  the  machining  taat  pieces  which  measured  approximataly 
2  inchaa  thick  by  12  inches  wide  by  36  inches  long  vera  aaouraly 
bolted  to  two  angle  blocks  which,  in  turn,  ware  bolted  to  the  rotary 
work  table.  In  conjunction  with  this  setup  and  these  tests,  N/c  tapes 
were  prepared.  Generally,  these  tapes  directed  a  cutter  to  cut  back 
and  forth  (climb  and  conventional  milling)  a  length  of  31  inches  plus 
its  diameter  at  the  maximum  feed  rate  of  200  inahes/minuta .  when 
necessary,  that  feed  rata  was  overridden  downward  toward  zero,  as  re¬ 
quired,  in  5%  increments  without  reprograming.  At  the  completion  of 
each  pass,  cutters  wars  directed  by  the  N/C  tapes  to  pause  about  0.1 
second,  feed  downward  0.23  inch  and  resume  cutting  in  the  opposite 
direction  or,  when  signaled,  to  pull  out  of  the  cut  for  inspection. 

In  this  maimer,  these  tests  were  performed  in  an  automatic  mode. 

Drilling 

Much  the  same  equipment  and  setup  that  were  used  for  peripheral  end 
milling  tests  (cf .  Figure  73)  were  used  for  drilling  tests.  Aa  before, 
the  high  speed  spindle  in  the  Omnimil  (cf.  Figure  62)  was  used  to 
power  outters  (drills l  and  workpiecss  were  bolted  to  the  same  two  angle 
blocks  as  shown  in  Figure  77.  Sven  the  workpieces  ware  the  same.  In 
this  case,  used  workpiece  specimens  from  the  peripheral  end  milling 
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teats  (saa  Figure  78)  ware  turned  over  and  bolted  to  the  angle  blocks. 
The  uncut  sections  left  at  each  of  the  milled  sides  provided  clearance 
for  drill  penetration,  and  the  1/2-inch  thick  web  that  was  left  pro¬ 
vided  material  for  drill  tests.  An  N/c  tape  was  also  prepared  for  these 
tests.  This  tape  directed  that  holes  be  positioned  on  3/4-inch  centers 
at  200  inches/minute  and  drilled  at  a  feed  rata  of  200  inches/minuto. 
Further,  this  tape  directed  that  fourteen  rows  of  holes  be  drilled  on 
3/4-inch  centers  and  that  43  holes  be  drilled  per  row.  By  incrementing 
3/8-inch  down  once  and  to  the  right  twice*  the  total  number  of  holes 
was  increased  by  a  factor  of  four*  or  a  total  of  2*408  holes  were 
drilled  per  plate.  A  drill  could  also  be  signaled  to  pull  out  of  the 
work  area  for  inspection  after  completing  any  raw  of  holes.  In  this 
manner,  drilling  teats  were  also  performed  in  an  automatic  mode. 


FlfUfi  71.  OrlUIni  Trt  SpMtiMfl 


6.3  Turning 

Turning  tests  were  performed  on  a  Bullard  vertical  turrit  lathe, 
•quipped  with  a  high  speed  spindle,  as  shown  in  Figure  70,  uaing  end 
mills  as  cutting  tools.  Ths  mtchanics  of  this  msthod  ars  prassntsd 
in  Figure  79  along  with  those  for  conventional  turning  with  a  vertical 
lathe.  The  merits  of  uaing  the  end  mill  method  for  turning  unbalanced 
parte  like  the  GSC  shell  (c£.  Figure  63)  can  be  deduced  with  the  aid  of 
the  analytical  relationships  presented  in  Figure  79.  For  example, 
the  22-inch  diameter  by  11  inches  long  GsC  shells  are  conventionally 
turned  at  a  cutting  speed  of  only  179  rpm  end  a  feed  rate  of  0.010 
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C  •  CIRCUMFERENCE  OP  PART 
0  •  DIAMETER  OP  FART 
L  -  LINOTH  OF  PART 
M  •  RIVOLUTIONI/MINUTI  FOR  CUTTIR 
N  -  RIVOLUTIONI/MINUTI  FOR  PART 
T  ■  MACHINING  TIMK/FAU 

v  •  euTTim  velocity 


4  •  CUTTIR  DIAMETER 

4n  -  RADIAL  OIFTH  OF  CUT 

fa  •  AXIAL  FEED  (INC, /MINUTE) 

ft  •  CIRCUMFERENTIAL  FEED  (INCH/MINUTB) 

f,  >  FEED  (INCH/REVOLUTION) 

ft  -  FEED  (INCH/TOOTH) 

t  >  NUMBER  OF  CUTTING  ID  Oil 
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inch/revolution.  Tha  arm  task  vu  accomplished  with  a  2-  inch  disan- 
etar ,  3-fluta,  «ad  alll  operated  at  a  feed  rata  of  0.010  inch/ tooth, 
a  radial  dapth  of  cut  of  0.5  inch  and  a  cutting  apaad  of  14.400 
ravolutiona/ninuta.  khan  thaaa  data  vara  substituted  into  tha  Figure 
79  aquations,  it  was  found  that  tha  machining  tiro*  par  pass  (T)  for 
tha  eonvantional  aathod  was  6.2  ainutas  while  that  for  tha  and  mill 
method  was  3.6  ainutas.  From  thaaa  results.  it  was  eonoludad  that  tha 
and  ad.ll  aathod  of  turning  could  bs  aoonoadcally  ooopatitiva  in  spacial 
casas. 

Anothar  aoonoado  eonsidaratian  is  aatup  tins  cost,  for  inatanca ,  if 
a  laths  aatup  could  ba  eliminated  by  doing  both  turning  and  milling  on 
a  machining  oantar,  as  aould  ba  tha  easa  for  tha  SAC  shall,  tha  and 
mill  aathod  might  still  save  anough  time  to  ba  cost  effective  swan 
though  it  was  not  fastar.  Thus,  whila  it  is  not  ordinarily  possible 
to  bast  eonvantional  laths  turning  for  machining  coat  affactivaness. 
there  are  special  situations/  a.g. ,  unbalanced  parts  and  aliainatad 
setups,  which  will  enable  and  mill  turning  to  ba  tha  aora  cost  affective. 

Tha  rotary  table  on  tha  Bullard  VTL  had  a  spaed  range  that  was  infinitely 
variable  from  0  to  468  revolutions /minute .  According  to  tha  Figure  79 
equations,  tha  feed  rats  produced  on  a  SAC  shall  at  tha  top  Bullard 
apaad  would  bei 
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t  m  ir  DM  *  w  (22)  (468)  •  32,346  inchas/minute 

a 

and  tha  chip  load  would  be? 

flt  -  32,346/3  (14,400)  -  0.75  inch/tooth 

Both  of  that*  valuaa  would  strata  an  and  mill  beyond  its  endurance, 
to  it  was  concluded  that  raalistia  feed  rates  could  be  increased  with¬ 
out  limit  on  tha  Bullard.  In  contrast,  tha  feed  rats  range  obtainable 
from  tha  Omnimil  was  found  to  be  too  limited.  For  this  reason,  feed 
rata  studies  for  this  program  wars  performed  on  the  Bullard  VTL. 

To  feed  tha  2- inch  diameter  cutter  at  a  rate  c i  110  inch/ tooth  while 
it  was  turning  at  14,400  revolutions/minute  in  tl.«  example  above,  the 
Bullard  would  have  to  rotate  tha  G£C  shall  at  tha  following  calculated 
speed  (of.  Figure  79)  i 

N  -  fg/C  -  ft  t  MAD 

N  -  0.010  (3)  (14, 400) A  (22)  -  6.25  rpm 

The  rotary  tabla  on  tha  Omnimil  had  a  top  spaed  of  2  revolutions/ 
minuts,  so  it  oould  not  be  used  for  this  application.  For  tha  Bullard 
VTL  which  did  have  enough  table  speed ,  it  was  found  that  tha  table 
could  not  be  M/C  programed  to  turn  accurately  at  such  a  slow  spasd 
due  to  a  loss  of  resolution  and  override  control  on  tha  low  aide  of 
tha  Bullard's  spaed  range.  Xt  was  found,  however,  that  tabla  speeds 
as  low  as  1.7  revolutions /tainute  oould  be  set  with  reasonable  accuracy 
by  manually  adjusting  relay  contacts  in  the  circuitry  on  a  txial-and- 
arror  basis.  In  contrast,  downfseds  <fa)  on  the  Bullard  could  ba  and 
wars  satisfactorily  programmed.  Thus,  tests  for  this  operation  were 
performed  partially  in  a  manual  mode  and  partially  in  an  automatic 
mode. 
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Axial  depths  of  out  vara  not  programmed  for  any  of  the  operations  be¬ 
cause  of  variations  in  cutter  lengths.  This  parameter  was  generally 
sat  by  manually  touching-off  a  workpiece  and  then  incrementing  in  a 
desired  depth  for  eaoh  out  or  succeeding  out. 

At  the  higher  spindle  speeds ,  it  was  found  that  cutter  balance  could 
seriously  hinder  machining  operations.  The  magnitude  of  the  hinderance 
alao  appeared  to  be  a  function  of  cutter  s  za.  That  is,  a  cutter  under 
one  inch  in  diameter  could  generally  be  t  an  up  to  20,000  revolutions/ 
minuts  without  emitting  a  loud  noiaa  or  exhibiting  much  vibration. 
However,  such  cutters,  if  significantly  unbalanced,  would  generally 
produce  a  h ensnaring  action  and  yield  a  shorter  tool  life.  On  the 
other  hand,  the  largest  cutters  tested  (2-inch  diameter)  would,  if 
out-of -balance,  generally  commence  producing  a  siren-like  noise  and 
vibrating  tha  machine  frame  at  spindle  speeds  around  15,000  revolutions/ 


minute.  If  spindle  speeds  wara  further  increased,  both  the  noise  and 
vibration  would  incraasa  until,  at  20,000  revolutions/minute ,  both 
would  probably  be  intolerable .  The  same  result  was  also  noted  for 
flutters  having  diameters  between  one  and  two  inches  but  to  a  pro¬ 
portionately  lesser  degree.  Thus  as  a  normal  maintenance  policy, 
newly  procured  cutters  were  spun  up  to  20,000  revolutiona/minute > 
and  if  found  necessary#  the  flutters  were  shipped  to  a  vendor  for  dy¬ 
nastic  balancing.  There#  balancing  was  accomplished  by  grinding  metal 
off  the  backside  of  cutters  as  portrayed  in  Figure  80.  Similarly# 
toolholders  were  dynamically  balanced  by  drilling  or  grinding  metal 
from  appropriate  pointa  along  the  surface  of  toolholder  bodies.  It 
was  also  found  advantageous  to  grind  opposing  set-screw  slots  in  ths 
shank  of  and  mills.  This  proeadura  not  only  helped  balance  a  cutter# 
but  it  was  frequently  noted  that  rotating  a  cutter  in  the  toolholder 
Improved  cutter  runout  and  balanea.  In  sanation#  it  was  established 
that  the  success  or  failure  of  high  speed  machining  depends  largely 
upon  cutter  balance.  Therefore#  extra  cm re  and  expense  ware  expended 
to  provide  good  spindle#  toolholder  and  cutter  balance  in  this  pro- 
gran. 
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7-0  TEST  RESULTS  -  CUTTER  GEOMETRY 


7.1  Statistical  Modal  for  Testa 


It  has  been  shown7  that  the  functional  angles  on  a  cutting  tool  sure 
related  as  follows! 


sin  o# 

where : 

■  sin2  i  +  cos2  i  sin 

n 

ae  “ 

effective  rake  angle 

an  * 

normal  rake  angle 

i  * 

inclination  angle. 

If  optimum  values  for  two  of  these  angles  could  be  stablished,  then 
the  third  angle  would  be  fixed  mathematically  and  the  optimum  cutter 
geometry  would  be  completely  defined. 

An  experimental  technique  was  developed 1 2  which  solves  the  above 
equation  experimentally  as  illustrated  in  Figure  81.  There ,  it  can 
be.  seen  that  a  cutter  having  an  inclination  angle  of  -7V2*  and  an 
effective  rake  angle  of  -S*  will  yield  the  longest  tool  life  between 
recrinda  and  is.  therefore,  the  optimum  for  face  milling  4340  steel, 
R0  54.  Similar  tests  were  performed  on  other  materials!  and  the  re* 
suits  were  correlated  with  respective  material  properties,  using  a 
multiple  linear  regression  technique  and  a  digital  oomputer.  From 
that  study,  the  following  empirical  aquation  waa  developed  for  pre¬ 
dicting  optimum  face  mill  geometries! 

a  opt  -  19.79*  -  (0.167  Sy>*  +  (0.08  RA)*  +  (0.077  Su)  * 

♦  (10.1  Sy/Su)« 

Using  this  equation,  handbook  data,  and  test  results  reported  by 
Oxford13,  which  stated  that  a  helix  angle  of  45*  would  produce  the 
best  finish  on  aluminum,  as  guides ,  cutter  geometrios  which  would 
bracket  the  optimum  value  were  estimated.  A  total  of  nine  geometries 
were  estimated  in  all.  These  wore  divided  into  groups  of  three, 
having  inclination  (helix)  angles  of  25*,  35*,  and  45*,  respectively. 
In  turn,  each  inclination  angle  group  of  throe  had  corresponding 
radial  rake  angle  values  of  5* ,  10* ,  and  15* .  Brazed  carbide  cutters 
having  these  nine  cutter  geometries  were  procured  for  optimum  cutter 
geometry  testing  (cf.  Figure  81),  and  these  1.5-inch: diameter  cutters 
are  shown  in  figure  82. 
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while  waiting  for  the  Bryant  high  speed  spindle  to  be  installed  in 
the  Omnimil,  it  was  deoidad  to  try  and  get  a  head  start  on  the  opti¬ 
mum  cutter  geometry  tests  by  using  the  fast  spindle  that  was  already 
in  the  Oanitnil.  This  decision  was  encouraged  by  the  fact  that  the 
fast  spindle  in  that  machine  would  turn  up  to  4 , 000  revolutions/ 
minute. 

To  establish  a  starting  point  for  this  test,  all  nine  cutters  were 
tested  (cf.  Figure  75)  for  cutting  efficiency  with  the  aid  of  the 
load  meter  on  the  Omnimil.  The  results  obtained  sure  presented  in 
Figure  33,  where  it  can  be  deduced  that  a  cutter  having  a  helix  angle 
of  25*  and  a  radial  rake  angle  of  5*  probably  has  as  good  strength 
and  cmtting  efficiency  as  any  of  the  other  geometries  tested.  It 
should  also  be  noted  that  carbide  inserts  on  the  15*  radial  rake  angle 
cutters,  having  helix  angles  of  35*  and  45*,  broke  while  cutting. 

These  inserts  were  too  acute  and  appeared  to  grab  and  then  snap  in 
the  7075-T651  aluminum  workpiece.  The  cutter  having  a  helix  angle 
of  35*  and  a  radial  rake  angle  of  10*  also  exhibited  a  good  cutting 
efficiency,  but  it  was  not  felt  to  be  as  strong  as  the  25*  helix 
angle,  5*  radial  rake  angle  cutter)  so  the  latter  was  selected  for 
initial  testing. 
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CUTTING  SPEED:  4,000  RPM 
PEED:  40  INCHES/MINUTE 
RADIAL  DEPTH:  0.20  INCH 
AXIAL  DEPTH:  OJB  INCH 
COOLANT:  DRV 

WORK  MATERIAL:  AI-707B-TBB1 


RADIAL  RAKE  ANGLE  (DECREES) 

Ft***  IX  Effiet  at  Cutter  Geometry  an  MttSInlnf  Load 

When  conducting  a  similar  teat  for  steal,  Oxford13  found  that  his 
test  curves  were  linear  and  had  negative  slopes.  The  35*  and  45* 
helix  angle  curves  in  Figure  93  started  out  that  way;  but  at  a  radial 
rake  angle  of  10* ,  these  curves  reversed  and  the  slopes  became 
positive.  In  further  contrast,  the  slope  of  the  25*  helix  angle 
curve  was  positive  throughout,  and  the  curve  was  nearly  linear.  No 
good  explanation  can  be  offered  for  this  behavior  now;  but  it  appears 
evident  that  15*  radial  rake  angle  cutters  are  less  than  optimum. 


Using  ths  and  mill  having  a  25*  halix  angle  and  a  5*  radial  rake 
angle,  tool  life  tests  were  initiated  on  7075-T651  aluminum  workpieces 
(cf.  Figure  75).  The  results  obtained  ore  given  in  Figure  84.  As 
shown,  that  end  mill  cut  for  544  minutes  (9.07  hours)  without  ex¬ 
hibiting  any  appreciable  wear.  During  that  time,  the  end  mill 
traveled  1,816  feet  through  the  work  material.  Testing  was  stopped 
at  these  points  because  it  was  believed  that  too  much  material 
would  be  required  to  complete  the  tests. 
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CUTTER:  1 J-4N.  0IA.,  2-PLUTE,  1 J7E-IN,  F.U  28*  HELIX, 
I*  HR,  MAZED  CARIIOE  END  MILL 
CUTTINE  SPEED:  1 ,*70  PSIT/MINUTf 
REED:  £006 INCH/T00TM 
RAOUL  DEPTH:  121  INCH 

AXIAL  OEPTH:  Q.2S  INCH  “ 

CUTTINQ  PLIIIO:  DRY 

WORK  MATERUL:  Ai-707 E-TUI  ~ 

ALTERNATINB  CUMt  AND  CONVENTIONAL  MILLINE 


CUTTINQ  TIME  (MINUTES) 

Ft*e«  M.  CotttrWmr  Cwh  far  Cemeattsaal  Cental  Sew* 


High  Speed  Tests 


Following  installation  of  ths  Bryant  high  speed  spindle, 'optimum 
cutter  geometry  tests  were  resumed  with  the  euttars  shown  in  Figure 
82.  As  before,  these  tests  were  initiated  on  7075-T651  aluminum  with 
the  end  mill  having  a  5*  radial  rake  angle  and  25*  helix  angle.  In 
an  attempt  to  hasten  cutter  wear,  a  normal  procedura  for  optimum 
cuttar  geometry  determinations ,  the  modified  Omnimil  was  oparatsd  at 
a  top  spindle  speed  and  feed  rats  of  20,000  revolutions /minute  and 
200  inche e /minute ,  respectively.  The  results  obtained  with  this 
combination  are  presented  in  rigure  85.  There,  it  can  be  seen  that 
the  selected  end  mill,  which  had  a  runout  of  0.001  inch  T.I.R. ,  cut 
372  minutes  (6.2  hours)  before  the  test  was  atoppad.  During  that 
time,  the  cutter  traveled  6,200  feet  or  1.17  miles  through  the  work 
material.  By  axtrapolation,  it  was  estimated  that  this  cuttar  would 
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hav«  cut  (or  7  hours  before  developing  a  0.015-inch  wearland,  a 
normal  tool  life  «nd  point.  Tha  waarland  which  davalopad  on  the 
(lank  and  top  raka  of  this  cuttar  is  shown  in  Figure  86,  and  an 
and  view  of  tha  cuttar  is  shown  in  Figure  87.  For  comparative 
purposes,  tha  results  obtained  from  the  fast  speed  tests  (cf. 

Figure  84)  ware  superimposed  on  Figure  85.  In  summation,  it  can  be 
deduced  from  this  figure  that  cutting  speed  has  a  definite  effect  on 
cutter  wear  but  that  cutter  wear  is  generally  not  going  to  be  much 
of  a  high  speed  machining  problem  when  cutting  aluminum  alloys. 

Work  material  depletion  began  to  surface  as  a  problem  at  this  point; 
therefore,  cutting  efficiency  tests  were  rerun  to  develop  some  quick 
indices,  using  the  higher  cutting  speed  and  feed  of  20,000  revolutions/ 
minute  and  200  inches/minute,  respectively.  The  results  obtained 
virtually  mirrored  those  shown  in  Figure  33,  including  the  breakage 
of  carbide  inserts  on  two  cutters  having  15”  radial  rake  angle  and 
35°  and  45®  helix  angles.  Based  on  these  results,  it  appeared  that 
the  cutter  having  a  15s  radial  rake  angle  and  25°  helix  angle  might 
be  one  of  the  quickest  to  eliminats;  therefore  testing  was  resumed 
with  it.  Actually,  the  reverse  may  have  been  true;  for  aa  shown  in 
Figure  88,  that  end  mill  cut  for  229  minutes  or  3.8  hours  before  test¬ 
ing  was  stopped.  Testing  was  stopped  at  that  point  because  the  end 
mill  was  developing  built-up-edges  on  its  flanks  and,  as  a  consequence, 
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wu  cutting  no  hard  that  it  wma  pegging  the  load  meter  needle  and 
tripping  the  overload  interlock  switch  which  shut  down  the  Omniail. 

Had  the  built-up-flanks  not  occurred,  that  end  mill  might  have  cut 
for  S  hours  before  developing  a  terminal  tool  life  value  of  0.015- 
inch  wear land.  Nevertheless,  that  end  mill  would  not  have  lasted 
as  long  as  the  one  having  a  3*  radial  rake  angle  and  25*  helix  angle 
as  can  be  deduced  from  Figure  68,  where  results  for  the  latter  were 
superimposed  for  comparative  purposea.  Only  maagar  data  ware  re¬ 
corded  for  the  end  mill  having  a  25*  halix  angle  end  10*  radial  rake 
angle  and  that  too  was  superimposed  on  Figure  88  for  comparative 
purposea.  While  only  a  guess  ean  be  made  for  tha  10*  radial  raka 
angle  cutter,  it  would  be  expected  to  wear  more  alewly  than  tha  15* 
radial  raka  angle  cutter  and  to  wear  nearly  on  par  with  tha  5*  radial 
raka  angle  euttar.  While  tha  and  mill  having  a  35*  halix  angle  end 
10*  radial  raka  angle  showed  soma  potential  (aee  Figure  83),  it  de¬ 
veloped  two  nioks  in  7  minutes  which  promised  to  abbreviate  its  tool 
life.  At  this  point,  testa  were  terminated  because  it  did  not  appear 
that  any  of  the  cutters  would  outperform  tha  one  having  a  25*  halix 
angle  and  a  5*  radial  raka  angle.  Additionally,  the  optimum  cutter 
geometry  teats  ware  terminated  because  cutter  wear  and  geometry  had 
degenerated  into  a  minor  problem  for  this  program,  and  work  material 
was  being  too  rapidly  depleted. 

It  had  bean  planned  to  uae  tha  statistical  method  illustrated  in 
Figure  81  to  establish  optimum  cutter  geometries  in  this  study.  How¬ 
ever,  that  method  could  not  be  advantageously  applied,  because  cutting 
speeds  oould  not  ba  increased  to  tha  point  where  outter  flanks  would 
develop  0.015  inch  wearlaada  in  minutes  instead  of  hours.  Tha  next 
bast  matbod  to  usa  for  this  investigative  purpose  was  probably  that 
shown  in  Figure  88)  but  to  produce  defensible  data,  even  that  method 
required  that  seme  outter  lives  ba  measured  in  hours.  In  short,  there 
does  not  appear  to  ba  a  simple,  direct  method  for  establishing  an 
optimum  outter  geometry  for  the  high  speed  milling  of  aluminum.  Until 
such  a  method  is  established  or  a  better  gutter  gaouotry  is  found, 
a  25*  helix  angle,  5*  radial  raka  angle,  oarbide  end  mill  will  prove 
to  be  more  then  adequate  end  is  recommended  for  the  high  speed  machining 
of  aluminum  alloys. 
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8.0  TEST  RESULTS  -  MACHINING  PARAMETERS 


8.1  Introduction 


The  objective  of  this  event  was  to  develop  optimized  machining  pro¬ 
cedure  and  parameters  for  tha  aalactad  combinations  of  aluminum 
alloys  and  machining  procaaaaa  ao  that  future  miasile  components 
could  be  fabricated  at  maximum  economical  speeds.  Synonymous  with 
maximum  economical  speeds  is  maximum  metal  removal  rates.  Conse¬ 
quently!  to  tha  extant  possible*  rough  machining  cuts  wars  used  in 
developing  economic  machining  conditions.  Bough  machining  is  used 
in  removing  the  bulk  of  material  from  missile  forgings,  castings  or 
raw  material  and  is,  thus,  better  suited  to  high-speed  machining 
operations  than  finish  machining.  The  determination  of  economio 
machining  parameters  requires  a  knowledge  of  the  machining  conditions 
that  will  yield  high  metal  removal  rates  or  extended  cutter  lives. 

Tha  plan  which  was  outlined  to  develop  that  knowledge  here  consisted 
principally  of  optimising  cutter  geometries  and  materials,  coolants, 
feed  rates,  depths  of  cut  and  cutting  speeds,  in  much  that  order. 

Cutter  geometry,  cutter  material  and  coolant  optimization  were  dis¬ 
cussed  in  previous  sections.  Zn  this  station,  food  rate,  depth  of 
cut  end  cutting  speed  optimization  data  end  results  obtained  from 
and  milling,  drilling  end  turning  teats  on  7075-T651,  6061-T631  and 
A356-T6  aluminum  are  prasantad.  This  type  of  information  should  be 
especially  useful  to  spindle  designers  end  M/C  programmers. 

The  extraordinarily  long  tool  lives  produced  by  carbide  cutters  (of. 
Figure  85)  were  hindering  tha  development  of  high  spaed  machining 
technology  in  these  teste  and  appaared  to  be  squandering  both  time 
and  material.  To  rectify  that  situation  by  reducing  cutter  life  to 
a  more  acceptable  level, testing  was  continued  with  high  spaed  steal 
(HSS)  cutters  when  feasible.  Tha  HSS  and  mills  used  wars  off-the- 
shelf  items  and  generally  had  30°  helix  angles,  10°  redial  rake  angles, 
and  12°  primary  clearance  angles.  These  cutters  contained  4%  cobalt 
and  may  have  been  more  heat  resistant  than  normal.  In  any  event, 
these  standard  priced  cutters,  which  lowered  tool  life  some  56%  under 
that  for  carbide  cutters,  proved  to  be  more  then  adequate  for  a  20,000 
revolutions/minute  spindle  in  moat  oases.  Thus,  the  substitution  of 
high  speed  steel  cutters  for  carbide  cutters  in  these  studies  was 
found  to  be  not  only  expedient  but,  generally,  proper. 

8.2  Peripheral  End  Milling 

8.2.1  Feed  Bate  Optimization 

The  maximum  Omnimil  feed  rata  was  limited  to  200  inchss/minute .  For 
two-  and  four-flute  cutters,  that  feed  produced  s  maximum  chip  load 
of  0.005  and  0.0025  inch/tooth,  respectively,  at  a  cutting  spaed  of 
20,000  revolutiona/minuta .  Sines  aluminum  can  be  readily  cut  at  chip 
loads  up  to  0.010  inch/tooth,  it  became  evident  that  it  was  futile  to 
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attempt  an  a valuation  of  fa ad  rataa  on  tha  Omnimil.  Instead,  this 
parameter  study  was  shifted  to  the  Bullard  V.T.L.  machine  which  had 
no  practical  upper  chip  load  limitation.  The  results  obtained  will 
be  discussed  in  paragraph  8.4.1. 


Peed  rate  tests  were  parfomed  on  the  Qnniail  for  6061-T651  aluminum 
at  chip  loads  of  0.002S  and  0.005  inch/ tooth.  The  results  of  these 
tests  are  given  in  Figure  89,  where  it  can  be  observed  that  the  heavier 
chip  load  produced  a  slower  rate  of  cutter  wear  and,  therefore,  a 
longer  tool  life.  It  was  expected  that  this  trend  would  continue  up 
to  feed  rates  of  approximately  0.010  inch/tooth,  af tar  which,  the 
trend  would  reverse. 
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8.2.2 


Depths  of  Cut 


On*  of  tha  first  oharactsristics  notad  about  the  high  spaad  machining 
procaas  was  that  normal  dapths  of  out  oould  not  ba  mada  with  it.  Tor 
instance,  tha  ralativaly  light  dapth  of  cut  taken  in  tha  taata  ref- 
•ranoad  by  Figure  83  aithar  raised  tha  load  matar  naadla  to  a  high 
value  or  pegged  it.  Whan  cut  depths  wars  further  increased,  it  was 
found  that  protective,  overload  interlocks  in  the  spindl*  systan  would 
shutdown  tha  spindle 's  and  Omniail's  operations.  An  invastigation 
ravaalad  that  tha  intar locks  ware  activating  at  an  input  load  of  40 
amperes  or  approximately  13.5  horsepower  whan  the  spindle  was  operated 
at  20,000  ravolutions/minuta.  For  a  "rule  of  thumb"  efficiency  of 
63%,  this  meant  that  tha  spindle  aould  only  put  out  a  maximum  of  8.8 
horsepower.  This  lack  of  power  helps  explain  why  the  spindle  was  not 
capable  of  making  deeper  cuts. 

After  discussing  this  powsr  deficiency  problm  with  the  spindle's 
manufacturer,  the  Bryant  Grinding  Corporation,  the  overload,  inter¬ 
lock,  trip  point  wee  reset  to  90  amperes  input  or  approximately  30 
horsepower  at  a  spindle  speed  of  20,000  ravolutions/minuta.  Baaed 
on  a  65%  efficiency,  tha  output  capability  of  tha  apindle  wee  raised 
to  approximately  20  horsepower  by  this  action.  At  the  same  time,  the 
interlock  was  being  reset,  the  load  matar  was  recalibrated  (see 
subsection  6.1)  so  that  ampere  measurements  oould  be  extracted  directly 
from  it.  Additionally,  it  wee  noted  that  a  5%  machine  load  or  about 
4  amperes  or  1.4  horsepower  were  required  to  turn  the  spindle,  un¬ 
loaded,  at  20,000  ravolutions/minuta .  overall,  these  procedures 
decreased  tha  spindle's  protection  but  enabled  it  to  make  deeper 
depths  of  out. 

Using  the  more  powerful  spindle,  dapth  of  cut  studies  were  performed 
for  the  three  aluminum  alloys.  All  tssts  wars  oonductsd  with  a  spindle 
speed  of  20,000  revolutione/minuta  and  a  feed  rate  of  200  inches/ 
minute.  High  speed  steel  (HSS)  end  mllla  were  used  to  machine  tha 
7073-T631  end  6061-T651  aluminum  alloys.  For  the  moat  part,  these 
HSS  end  mills  had  e  1. 25-inch  diameter,  4-flutea  and  a  2. 5- inch  flute 
length.  For  the  few  cases  whers  ths  radial  dapth  of  cut  exceeded 
approximately  1.23-inch,  a  2.0-inch  diameter,  4-fluta,  2.5-inch  flute 
length  auttar  wee  used.  To  machine  the  surprisingly  abrasive  A356-T6 
aluminum  alloy,  carbide  cutters  had  to  be  usad.  For  this  case,  brazed- 
carbida  end  mills,  having  3-flutas,  2-inch  flute  lengths  and  1.75-inch 
diameters,  were  pressed  into  service.  The  variation  in  tooth  density 
hers  was  not  thought  to  be  significant,  because  preliminary  tests  had 
not  indicated  any  appreciable  difference  in  tha  machining  loads  gen¬ 
erated  by  2-  and  4-fluta  end  mills  under  the  test  conditions  used. 

The  teat  setup  used  is  shown  in  Figure  72.  With  this  sstup,  radial 
depths  of  cut  were  varied  over  e  range  that  produced  a  practical 
spectrum  of  machine  loads.  The  machine  load  produced  by  each  varia¬ 
tion  wee  notad,  and  tha  data  obtained  were  plotted  in  the  manner 
shown  in  Figure  90.  There,  it  can  be  observed  that  the  plot  is  linear. 
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The  analytical  expression  for  that  curve  which  has  been  superimposed 
on  the  plot  was  developed  with  the  aid  of  multiple  regression.  Th’s 
procedure  was  repeated  for  each  aluminum  alloy  at  axial  depths  of  cut 
of  2.0,  1.5,  1.0,  0.75,  0.50,  0.25,  and  0.125  inches,  respectively. 

The  curves  for  each  alloy  were  gathered  and  replotted  by  material  as 
shown  in  Figures  91  through  93 .  These  curves  are  not  conservative 
because  each  wae  developed  with  a  relatively  sharp  (0.000  to  0.003 
inch  wearland)  cutter.  It  follows  that  duller  cutters  will  generate 
higher  spindle  loads  and  that  ease  allowances  will  have  to  be  made. 
However,  these  curves  provide  a  good  starting  point  for  the  program¬ 
mer  having  to  prapare  an  N/C  tape  for  high  speed  machining.  To 
furthar  guide  the  prograsner  and  provide  some  spindle  protection, 
recommended  operating  bands  or  ranges  were  superimposed  on  these 
curve  plots.  For  instance,  if  the  spindle  is  to  be  run  continuously, 
it  should  not  be  operated  et  a  maahinc  load  over  50%  (40  amperes). 

For  short  or  intermittent  runs  which  provide  en  opportunity  for  the 
spindle  to  cool  down,  spindle  loads  to  75%  would  be  in  order.  Spindle 
loads  over  75%  have  been  red-lined,  because  breakdowns  occur  with 
grsatsr  frequency  and  magnitude  in  that  zone.  While  spindle  loads 
over  100%  have  been  recorded  for  eons  cutsi  e.g.,  plunging  the  full 
cutter  diameter  into  the  comer  radius  of  a  pocket,  these  have  been 
very  brief  ir  duration.  Any  attempt  to  machine  at  a  100%  load  for 
very  long  wculd  probably  result  in  e  bent  spindle  shaft  or  some  other 
catastrophe,  vh.la  these  raconaendad  operating  ranges  were  not 
comprehensively  developed  end  are  nub j act  to  change,  these  were  baaed 
on  the  contractor's  experiences  which  included  the  bending  of  two 
spindle  shafts »  however,  no  bearing  failures  ware  experienced.  To 
further  aid  in  the  selection  of  cut  dapthe,  equations  developed  for 
each  curve  (of.  Figure  90)  are  presented  as  follows > 
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Whan  selecting  a  out  depth,  it  should  be  borne  in  mind  that  increased 
out  depths  not  only  burden  the  spindle  but  decrease  cutter  life  aa 
well.  From  the  typioal  example  shown  in  Figure  94,  it  can  be  seen 
that  the  faster  wearing  cutter  is  the  one  making  the  deepest  depth  of 
out.  Mong  with  the  depth-of-cut  teste,  cutting  force,  cutter  de¬ 
flection  and  outtar  pullout  tests  were  conducted,  simultaneously.  At 
the  end  of  each  pass  across  a  12-inch  workpiece  (of.  Figure  72) ,  dur¬ 
ing  which  spindle  loads  for  systematically  varying  axial  and  radial 
daptha-of-aut  were  noted,  the  end  mill  was  allowed  to  dwell  in  the 
out  until  it  had  returned  to  its  unde fleeted  position.  The  end  mill 
was  then  worked  back  and  forth  a  fraction  of  an  inch  to  produce  a 
small,  undeflected  flat  on  the  machined  surface,  cutter  deflection 
wee  then  determined  by  measuring  the  hsight  of  the  resulting  step  with 
a  depth  gage  miarcateter.  The  distance  that  a  outtar  pulls  out  of  the 
spindle  during  a  out  was  measured  in  much  the  seme  way.  For  that  teat, 
another  depth  gage  micrometer  was  ussd  to  msssurs  the  axial  dapth-of- 
out  after  each  paas.  The  difference  between  that  measurement  and  the 
original  setting  was  the  measure  of  cutter  pullout.  Foroa  readings 
vara  obtained  by  activating  the  Midwestern  Model  210  oscillograph  and 
X-Y  recorders  shown  in  Figures  73  and  74  and  oonvsrting  the  record¬ 
ings  from  millimeters  to  pounds  of  fores.  Thesa  tests  will  ba  dis¬ 
cussed  in  subsequent  sections. 


.2.3  Cutting  Speeds 

The  objective  of  this  investigation  was  to  develop  Taylor  tool  life 
curves  so  that  most  economical  and  productive  cutting  spasds  oould  be 
established  directly  end  analytically.  Normally,  this  is  an  easy  task 
to  accomplish j  but  due  to  the  aasa  with  which  aluminum  can  be  ma¬ 
chined,  tool  lives  and  material  consumption  wars  found  to  be  too  ex¬ 
cessive  .  These  results  stretched  cut  test  schedules,  nscsssitatad 
tooling  and  cutter  material  changes  with  attendant  retesting  ayolas, 
end  fostered  additional  procurement 'delays.  When  these  delays  were 
coupled  with  the  spindle  breakdown  delays,  it  was  found  that  there 
waa  not  enough  time  left  to  fully  complete  this  task. 

While  it  may  be  generalised  that  tool  life  and  cutting  speed  do  not 
appear  to  limit  the  high  spaed  machining  of  aluminum,  the  investiga¬ 
tors  for  this  program  were  anxious  to  develop  some  technology  in  thess 
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areas.  Consequently ,  the  fragmentary  data  developed  and  presented 
in  Table  IV  was  pieced  together  as  shown  in  Figures  95  and  96.  The 
estimated  slope  of  0.3  for  these  curves  was  based  on  results  de¬ 
veloped  by  Datsko1 1 .  Using  that  value,  extrapolated  curves  were 
drawn  through  firm  data  points  as  shown.  Although  these  curves  are 
useful  for  discussion  purposes,  these  have  not  been  substantiated;  and 
the  reader  is  cautioned  not  to  attach  too  much  credibility  to  them. 

To  verify  the  two  extrapolated  points  on  Figure  95,  it  was  estimated 
that  at  least  two  plates  of  material,  measuring  2  inches  by  48  inches 
by  144  inches,  and  25  hours  of  cutting  time  would  be  required  for  the 
tests.  If  there  were  any  premature  failures  or  scatter  in  the  test 
results,  even  more  time  and  material  would  have  been  required.  For 
these  reasons,  such  tests  were  not  pursued. 

The  theoretical  curve  in  Figure  95  indicates  that  a  cutting  speed  of 
46,643  feet/minuta  will  give  a  one-minute  tool  life  for  the  referenced 
carbide  cutter.  On  the  other  hand,  if  the  cutting  temperature  ceases 
to  rise  beyond  a  cutting  speed  of  19,600  feet/minute  as  suggested  in 
subsection  3.5,  a  cutter  life  of  at  least  15  minutes  might  be  obtain¬ 
able  at  any  cutting  speed  with  the  referenced  cutter. 

The  cutter  in  Figure  84  gave  no  sign  of  ever  wearing  out.  An  estimate 
of  its  tool  life  can  be  made  with  the  aid  of  the  Taylor  tool  life 
equation  superimposed  on  Figure  95.  That  equation  was  developed  from 
the  curve  and  predicts  that  tha  and  mill  will  cut  for  81,120  minutes 
before  resharpening  is  requirsd  whsn  operated  at  a  cutting  speed  of 
1,570  f eet/minute .  While  it  would  be  difficult  to  imagine  an  end  mill 
cutting  that  long  in  practice,  this  analysis  does  indicate  that, 
barring  premature  failure,  the  referenced  end  mill  will  yield  an 
extraordinary  tool  life  when  operated  under  the  favorable  conditions 
shown. 

Micrographs  made  of  chips  produaed  by  the  two  firm  cutting  speeds  are 
presented  in  Figure  97.  There,  it  can  be  deduced  that  aluminum  appears 
to  tear  at  lower  cutting  speeds.  It  may  be  that  the  higher  cutting 
temperature  generated  at  the  higher  cutting  speed -has  some  bearing 
on  this  rssult.  For  both  cases,  however ,  the  cutting  tool  remained 
relatively  cool  to  tha  touch. 

A  general  idea  of  what  the  most  economical  tool  life  and  cutting  speed 
would  be  for  end  milling  aluminum  can  be  obtained  from  Figure  95  and 
the  following  equation1 4  j 
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1.170  f  CCT/MINUTE 
(130X1 


7,900  MET /MINUTE 

(1MX) 


Fi|ui«  07.  Typial  Eftiet  of  Cutth*  Sp«td  on  Chip  Surftw  foi  At— 7Q7fi— T881 


Tc  *  tool  112a  in  cut  for  ainianat  part  cost  (minutes ) 

n  ■  slop*  of  Taylor  tool  llfa  curve 

t  -  total  oost  of  cutting  adga  including  coat  to  ehsnga 

tha  tool  and  to  ragriad  tha  cutting  adga  and  dapracia- 
tion  of  tha  tool  ($) . 

MLO  «  aaohina,  labor  and  overhead  rata  ($/ainuta) 

TCT  -  tool  hanging  tijaa  (aiautaa) . 

In  addition  .  tha  tool  Ufa  which  will  yiald  a  marlaua  production  rata 
can  ba  similarly  found  tram  tha  following  aquation  t 

Tp  -  tl/n  -  1]  TCT 

wharai 

Tp  -  tool  lift  la  cut  for  aaxiMi  production  (ninutas) . 

ly  using  typical  aarospaoa  rates  for  MLO.  and  actual  figuros  for  tha 
variablas  TCT  and  t,  tha  above  aquations  yialdad  aost  aoonoadaal  and 
nasiSMS'  production  rates  of  22S  ninutas  and  23  ninutas ,  raspaotivaly. 
Tha  oorrasponding  cutting  spssda  wars  found  by  substituting  thasa 
data  into  tha  Taylor  tool  lifa  aquation  auparinpoaad  on  rigura  95. 
Whan  this  was  dona,  it  was  found  that  tha  nost  aoononioal  and  eaxl- 
bub  production  cutting  speeds  for  siusiaun  wars  on  tha  order  of 
9.190  faat/ninuta  and  11.210  f eet/a/nuta ,  raspaotivaly.  for  this  cast 

Tha  above  cutting  apssds  can  ba  translated  into  spindle  speeds  for 
diffarant  sired  cutters  with  tha  aid  of  tha  following  equation i 

N  -  i HI 

d 

where i 


M  -  sp India  spaad  (ravolutions/minuta) 

V  "  cutting  spaed  (feet/minute) 

d  ■  diameter  of  cuttar  (inchaa)  . 

t 

Whan  this  was  dona  for  tha  caaa  of  1 . 5 -inch  diamatar  carbide  cuttars, 
it  vu  found  that  tha  ap India  apaada  required  to  achiava  maximum  aconomy 
and  produotion  were  on  tha  ordar  of  23,400  and  46,400  ravolutiona/ 
minuta,  raapactivaly.  for  1.0-inch  diamatar  cuttara,  thaaa  apindla 
apaada  would  inoraaaa  to  approximately  40,730  and  69,570  ravolutiona/ 
minuta,  raapactivaly.  All  of  thaaa  valuaa  axcaad  tha  20,000  ravolutiona/ 
minuta  apindla  apaad  that  ia  currantly  maximum  for  20-horaepower 
apindla a r  however,  thaaa  ara  indicativa  of  futuxa  apindla  apaad  de¬ 
sign  naada. 

It  should  ba  ra-aophaai*ad  that  moat  of  tha  calculatad  valuaa  abova 
wara  baaad  on  vary  meager  taat  data.  Aa  a  consequence,  thaaa  wara 
only  rough  aatimataa  and  should  ba  conaidarad  aa  baing  maraly  indicativa 
of  tha  magnituda  of  optimum  cutting  apaad  requirement!  for  aluminum. 

At  this  point  in  tha  investigation,  it  appeared  that  if  any  defensible 
cutting  speed  technology  wara  going  to  ba  developed  for  aluminum,  it 
would  have  to  ba  dona  with  shorter- lived  high  apaad  steal  cuttars. 
Consequently ,  tasting  waa  resumed  with  2-  and  4-fluta  high  apaad  ataal 
(HSS)  and  mills.  Initially,  tests  wara  conducted  on  7073-T651  aluminum] 
but  whan  it  became  evident  that  thara  was  not  snough  work  material 
left  to  complete  tha  teats,  tha  6061-T651  aluminum  taat  matarial  was 
used  instead.  Additionally,  1.0  "inch  dine  tar  cuttara  yialdad  exces¬ 
sive  tool  livea  for  tha  task  at  hand  on  A1-7075-TQS1  aa  shown  in  Figura 
98 i  therefore,  whan  tha  work  matarial  waa  switched  to  A1-6061-T651, 
cuttar  diameters  wara 'switched  to  2.0  inches  and  axial  depths  of  cut 
wara  increased  to  0.5  inch.  Tha  higher  cutting  apaad  obtainable  with 
tha  2.0-inch  diamatar  cuttar  reduced  tool  lifa  to  a  more  realistic 
level  for  taat  purposes  (saa  Figura  98).  With  this  setup,  only  one 
good  data  point  waa  obtained]  and  that  ia  prasantad  in  Figura  96. 

Shortly  after  that  taat  waa  conducted,  tha  shaft  of  tha  high  apaad 
apindla  was  accidentally  bant  and  had  to  ba  repaired.  Aa  a  result  of 
tha  long  delay  in  repairing  tha  apindla  and  other  program  commitments, 
tha  cutting  apaad  teats  wara  never  fully  resumed  and,  thus,  no  defen¬ 
sible  cutting  spaed  technology  was  ocmplatsly  developed. 

To  establish  soma  ordar  of  magnituda  for  tha  optimum  cutting  speeds 
that  can  be  obtained  with  high  apaad  steal  cuttars,  tha  curve  shown 
in  Figura  96  was  prnpared.  As  before,  that  curva  waa  constructed  by 
drawing  a  line  having  a  0.3  slops  through  s  known  data  point  on  log- 
log  paper.  Tha  aquation  for  tha  raaulting  curva  waa  auparimpoaed  on 
Figura  96  for  reference.  Lika  tha  curva  in  Figura  95,  this  curva  is 
useful  for  discussion  purposes  but  mersly  raprassnts  a  beat  estimate 
and  should  not  be  treated  aa  baing  anything  mors. 
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cutter: 

MATERIAL:  COBALT  HS» 
DIAMETER:  01.0  INCH 
□  1 J  INCH 

OVERALL  LENGTH:  446/44  INCHES 
ELI/TE  LENGTH:  1.71/24  INCHES 

ELUTES:  0  4 
OS* 

HELIX:  *“38* 

RADIAL  RAKE:  ID* 

CORNER  ANDIE:  0* 

NOSE  RADIUS:  04*0  INCH 
CLEARANCE:  12*/22* 


CUTTING  SEEED:  AS  SHOWN 
EEED:  04026 INCH/TOQTH 
DEETH: 

RADIAL:  046  INCH 
AXIAL:  Q.SO  INCH 

CUTTING  ELUIO:  COOAL  0741  MIST  (1:301 
WORK  MATERIAL:  0  7076-T6E1  ALUMINUM 
□  I001-T6S1  ALUMINUM 

ALTERNATING  CLIMS  AND  CONVENTIONAL  MILLING 


Tti*  theoretical  curve  in  rigure  96  indicate*  that  a  cutting  epeed  of 
36  >227  feet/ainute  would  yield  a  one-minute  tool  life  for  the  ref¬ 
erenced  BBS  cutter.  If  cutting  temperature e  stabilise  at  a  cutting 
epeed  of  19,600  feet/ninuta  aa  euggeeted  in  eubaeetion  3.5,  a  cutter 
life  of  at  least  seven  minute*  night  be  obtainable  at  any  cutting 
speed  with  the  referenced  HRS  cutter.  Other  calculations  indicate 
that  the  tool  life  yielding  mar i am  economy  and  production  rates  for 
1. 5-inch  diameter,  HSS,  end  mills  would  be  on  the  order  of  133  minutes 
and  23  minutes,  respectively.  The  cutting  speeds  corresponding  to 
these  tool  lives  were  calculated  to  be  on  the  order  of  8,350  feet/ 
minute  and  14,140  feet/ainute,  respectively.  Similarly,  the  spindle 
speeds  were  computed  to  be  21,280  and  36,000  revolutions/minute, 
respect! vuly . 
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For  comparative  purposes,  the  theoretical  tool  lives,  cutting  speeds 
and  spindle  speeds  calculated  for  1.0-  and  1.5-inch  diameter  end  mills 
were  tabu lari zed  in  Table  V. 

TABLE  V  -  THEORETICAL  MOST  ECONOMICAL  CUTTING  SPEEDS 
FOR  SELECTED  CUTTERS  AS  DEVELOPED  FROM 
FIGURES  95  AND  96 


1.0  Inch 

1 . 5  Inch  1 

HSS 

Carbide 

HSS 

Carbide 

Most  aconcmical  tool  lifs 
(minutes) 

94 

137 

133 

225 

Most  economical  cutting  spaed 
(SFPN) 

9,270 

10,660 

8,350 

9,190 

Most  economical  spindle  speed 
(RPM) 

35,410 

40,730 

21,280 

23,400 

Maximum  production  tool  life 
(minutes) 

23 

23 

23 

23 

Maximum  production  cutting 
speed  (SFPN) 

14,140 

18,210 

14,140 

18,210 

Maximum  production  spindle 
speed  (RPM) 

54,000 

69,570 

36,000 

46,380 

Work  material 

Al-6061 

Al-7075 

Al-6061 

Al-7075 

Axial  depth  of  out  (inch) 

0.500 

0.250 

0.500 

0.250 

In  Table  V,  it  oan  ba  observed  that  there  were  mare  variables  than 
just  tool  material  and  sirs  involved  in  the  data  presented.  Such  an 
occurrence  generally  makes  any  direct  comparisons  difficult  if  not 
impossible  to  achieve.  However,  the  effect  of  variations  in  out  depth 
and  work  material  on  the  above  data  were  thought  to  be  offsetting. 

For  example,  any  advantage  gained  by  a  carbide  cutter  in  machining 
at  a  shallower  depth  of  cut  would  be  partially  offset,  at  least,  in 
this  instance,  by  its  having  to  machine  a  more  difficult  material. 

The  opposite  would  be  true  for  a  KSS  cutter .  it  was  thus  concluded 
that  the  teat  conditions  for  each  cutter  material  offered  an  advantage 
and  disadvantage  over  the  other  that  were  largely  compensatory.  If 
that  hypothesis,  along  with  theoretical  based  data,  oan  ba  accepted, 
than  several  interesting  deductions  can  be  made  from  the  above  table. 

Aa  may  have  been  suspected,  the  data  in  Table  V  indicated  that  car¬ 
bide  cutters  can  be  expected  to  cut  longer  and  faster  than  high  spaed 
steel  (HSS)  cutters.  Thsse  data  also  point  out  thst,  barring  pramatura 
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failures,  tha  superiority  of  carbida  cutters  increase  u  cuttar  di¬ 
ameters  decrease.  further,  thaaa  data  point  out  that,  all  othar  thing* 
bain?  aqoal,  cutting  apmada  and,  therefore,  natal  removal  rataa  in- 
eraaaa  aa  cuttar  diameters  dacraaaa.  Zt  was  intaresting  to  not*  from 
tha  data  that  racaaaandad  ap India  apaada  for  all  tha  euttara  1.5  inchaa 
in  diaaatar  and  undar  exceeded  tha  apaad  capacitiaa  of  both  tha  Bryant 
(20,000  rpm)  and  Bcstrom,  Car  la  on  (14,400  rpn)  20  horsepower  apindlaa 
usad  in  thia  program.  Thia  raault  aignifiad  that  HSS  euttara  can  ba 
readily  uaad  with  thia  equipment  and  that  both  apindlaa  should  gen- 
arally  bo  oparatad  at  maxim  apaad  whan  using  sithar  carbida  or  HSS 
euttara. .  Thaaa  reocmaandad  or  optima  apindlo  apaada  also  provida 
aaadad  critaria  or  goals  for  future ,  largo  horaapowar,  spindla  designs, 
finally,  thaaa  data  give  soma  idea  of  what  the  aagaituda  of  optimum 
cutting  apaada  for  milling  aluminum  would  ba.  For  instance ,  aa  ahown 
in  Tabla  V,  optimum  cutting  apaada  for  tha  heat- treatable  aluminum 
alloys  would  ba  an  the  order  of  10,000  fest/adnute.  Tor  tha  lower 
strength  or  softer  aluminum  alloys,  it  oould  ba  logically  expected 
that  optimum  milling  apaada  would  have  a  somewhat  highar  magnitude. 
However,  a  notable  exception  to  such  a  hypothesis  is  presentad  at  tha 
bottom  of  Tabla  IV  for  tha  caaa  of  A3S6-Tft  aluminum.  There,  it  can 
ba  deduced  that  tha  optimum  milling  apaad  for  that  vary  abrasive, 
high  silicon  content,  cast  aluminum  alloy  will  ba  significantly 
lasa  than  3,700  f eat/ainuta .  Thus,  it  can  only  ba  concluded  that  tha 
optimum  cutting  speed  for  milling  aluminum  alloys  will  usually  ha  on 
tha  order  of  10,000  fast /minute. 

prilling 

Drilling  tasta  wars  performed  with  tha  20,000  revolutions /minute 
spindla  on  tha  Omnlmil  as  dasorlbad  in  subsection  ft. 2.  The  teat  set¬ 
up  that  was  usad  la  shown  in  figuxe  77.  Both  oarblda  and  cobalt  high 
speed  steal  (HU)  drills  wars  obtained  for  teatingi  however,  due  to 
tha  iaprasaiva  results  obtained  with  tha  HU  drills,  it  was  felt  at 
tha  time  that  it  would  not  ba  beneficial  to  evaluate  carbide  drills. 
Drill  aisaa  ware  Usd, tad  to  1/4- inch  diameter  >  baoauaa  special  milling 
machine  type  toolholdars  (of.  figure  77)  would  have  bean  required  for 
aaoh  different  drill  aims,  and  1/4-inch  drills  wars  of  a  practical 
sise. 


* 

Progress  for  thia  event  want  about  as  far  as  it  oould  with  a  20,000 
ravolutiona/ainuta  spindla.  Thousands  of  holes  ware  drilled  through 
1/2-in oh  thick  VI-7073-T631  plates  with  1/4- inch  diameter,  oobalt  HSS 
drills  at  a  apaad  of  20,000  ravolutions/minuta  (1,300  faet/mlnute) 
and  a  faad  of  100  inchas/ainuta  (0.0025  inch/ tooth) .  Baaed  on  and 
mill  teat  results,  it  may  ha  possible  to  increase  both  these .param¬ 
eters  sight- fold i  however,  faster  equipment  will  have  to  ba  suds  avail¬ 
able  to  verify  such  a  supposition. 

A  typical  drill  uaad  in  this  study  ia  ahown  in  figura  99.  That  particu¬ 
lar  tool  had  just  drilled  5,347  holes  through  1/2- inch  thick  Al-7075- 
Tft51  at  a  faad  rata  of  100  inchas/ainuta  and  a  cutting  spaed  of  20,000 
ravolutiona/ainuta  whan  it  was  photographed.  As  can  ba  obaarved,  its 
comers  have  not  broken  down;  and  it  is  not  badly  worn.  That  drill 
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Clyuni  91.  Typical  Tnt  Orill  After  Piadueini  S.S47  Haiti 


which  tni  made  from  cobalt  high  spaed  ataal  vaa  a  general  purpose 
drill  aada  by  straight  Lina  and  having  the  following  modified 
geometry t 


8.4 


Overall  length i 
Flute  length i 
Point  anglei 
Chiael  edge  angles 
Lip  relief  anglei 
Points 

Neb  thickness i 
Flute  f lata i 


3-1/4  inehea 
1-3/4  inehea 
121  degxeea 
131  dagzeea 
16  degrees 
Notched 
.  0.035  inch 
12  degrees  poaitive 


Feed  ratea  were  varied  between  100  and  200  inohaa/nlauta  in  the  teats 
by  overriding  the  M/<S  pro  gran,  while  naintaining  a  cutting  spaed  of 
20,000  revolutions /minute .  A  feed  rate  of  200  inehaa/ainuta  nay  have 
been  satisfactory  for  drilling  A1-A356-T6,  but  such  a  feed  rata  pro¬ 
duced  too  aueh  noise  and  ehattar  whan  drilling  A1-7075-T651.  That 
unwonted  result  could  possibly  ba  over  erase  by  injecting  sufficient 
cutting  fluid  into  the  bolea  in  tiaui  to  do  sane  good.  As  it  was,  the 
drills  wars  in  and  out  of  tha  boles  so  fast  that  conventionally  appliad 
cutting  fluid  never  had  a  chance  to  get  to  the  cutting  aone.  Sven  et 
a  faed  rata  of  100  inohaa/ninuta ,  tha  drilling  oparation  gave  all  tha 
appearance  of  being  a  punching  oparation.  Indeed,  if  it  were  not  for 
tha  ehlpa  produced  (see  Figure  100) ,  one  sight  be  justified  la  be¬ 
lieving  that  the  high  apeed  drilling  operation  being  witnessed  was, 
in  fact,  a  punching  operation.  A  typical  speelasn  produced  by  high 
speed  drilling  is  shown  in  Figure  101.  Tha  drill  that  was  used  to 
produce  tha  j,40l  holes  in  that  teat  piaoe  was  indexed  at  200  inahas/ 
minute  and  fed  at  100  inohas/minuta  by  an  N/C  program.  The  resulting 
sight  was  vary  impressive  and  indicative  of  high  speed  machining 1 s 
potential. 


Turning  teats  were  performed  on  a  Bullard  vertical  turret  lathe  equip¬ 
ped  with  an  Ekstrom,  Carlson  Company  <XCCO)  high  speed  spindle  as 
shown  in  Figure  70,  using  end  mills  as  cutting  tools.  That  electric 
D.C.  spindle  which  was  oapabls  of  producing  20  horsepower  at  14,400 
ravolutions/miauta  was  mounted  an  tha  Bullard* a  aids  turret,  perpen¬ 
dicular  to  the  Bullard  spindle's  center lina  of  rotation.  Cuts  were 
taken  with  the  high  speed  spindle  traversing  downward  while  tha 
Bullard's  spindle  was  slowly  rotated.  Cutting  speed  was  altered  by 
varying  tha  speed  of  the  high  speed  spindle  or  tha  cutter  diameter. 
Chip  load  was  altered  by  varying  tha  speed  of  either  spindle  or  the 
number  of  flutes  on  tha  cutter  (cf .  Figure  79) .  Principally,  chip 
load  was  altarad  by  varying  the  speed  of  the  Bullard  spindle.  Work- 
places  (ase  Figure  102}  ware  of  a  cylindrical  form  and  approximately 
24  inches  outside  diameter  by  16  inches  inside  diameter  by  18  inches 
long.  Tha  A1-7075-T6  and  A1-6061-T6  workpiacas  vara  forgings,  and  the 
A1-A336-T6  workpiacas  wars  eastings.  Machining  parameter  tests  for 
turning  were  conducted  on  all  three  alloys,  and  the  results  obtained 
are  presented  in  the  subsections  to  follow. 
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PIMM*  101.  Tygkil  AI-7078-THt  Hkfh-SpNO  Drilling  TMtSptdmm 
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12°  primary  and  24°  secondary  clearance  on  cutter  peripheries  and  lGg 
primary  and  20°  secondary  clearance  on  end  cutting  edges.  Additionally 
whan  the  centerlines  of  rotation  for  both  the  cutter  and  workpiece 
were  perpendicular  to  each  other,  as  was  the  case  on  the  Bullard,  end 
cutting  edge  angles  were  ground  to  0°  to  provide  an  acceptable  surface 
finish.  On  the  cnniail,  it  was  not  found  necessary  to  grind  end  cut¬ 
ting  edge  angles  to  0°j  as  excellent  finishes  were  produced  by  moving 
the  cutter's  axis  of  rotation  off  the  workpiece  centerline  as  indi¬ 
cated  in  Figure  103.  However,  since  the  tests  were  conducted  on  the 
Builard,  cutters  were  cantered  on  workpiece  centerlines,  and  the 
respective  end  cutting  edge  angles  were  ground  to  0°. 


WORKPIECE 
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■CUTTER 


Fl|un  103.  RMommonddd  Cutttr-Warkfiiact  Qrkmation  for  End  Mill  Turning 


The  mode  of  cutter  wear  varied  with  all  three  aluminum  alloys.  As 
illustrated  In  Figure  104,  cutters  wore  mostly  on  the  nose  when  mill 
ing  A1-7075-T6  (cf.  Figure  86).  In  contrast,  cutters  wore  very  uni¬ 
formly  when  milling  A1-A356-T6  and  mostly  at  the  depth-of-cut  line 
whan  milling  A1-6061-T6.  Bearing  these  results  in  mind,  feed  rata 
optimization  tast.  results  are  presented  for  each  alloy  in  Figures 
105  through  107. 
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The  optimum  feed  rate  found  for  Al-606pi~T6  was  0.010  inch/tooth  as 
shown  in  Figure  105.  At  that  feed  rats,  cutter  life  reached  a  maxi¬ 
mum.  Cutter  life  was  considered  to  be  ended  when  the  flanks  of  cut¬ 
ters  had  worn  0.015-inch  uniformly  or  0.020-inch  localized.  Where 


121 


'A/* 


r- 


123 


Fjfn  IMl  EHtct  «f  fmt  fUu  hTm!  Ui  In  AI-A3S4TS 


Feed  rat*  did  not  appear  to  have  a  larga  effect  on  cuttar  lift  whan 
silling  tha  relatively  aoft,  but  abraaiva ,  A3S6-T6  aluminum  alloy. 

As  shown  in  Figura  106,  tha  ratultant  curve  was  ralativaly  flat;  and 
it  is  likaly  that  cutting  fore*  will  ba  aura  of  an  optimum  faad  rata 
eritarion  than  euttar  lifo  in  this  easo.  An  item  of  intarast  also 
occurred  for  this  avont.  That  is,  whan  ohip  loads  of  0.017  inch/ tooth 
wars  investigated,  faad  rata a  of  S00  inohas/minuta  vara  raadily 
aohiavad.  At  that  faad  rata,  sotal  removal  rata a  of  nearly  70  cubic 
inches  par  siauta  ware  realised,  though  not  aa  ramarkabla,  tha  opti¬ 
on  ohip  load  for  A1-A356-T6  was  found  to  ba  a  vary  good  0.014  inch/ 
tooth. 

Feed  rates  for  A1-7075-T6  war*  not  oemplataly  defined  in  these  studies. 
As  shown  in  Figura  107,  only  ana  lag  of  tha  curve  was  established. 

From  that  figure,  however,  it  is  evident  that  chip  loads  will  not  run 
as  high  for  A1-7075-T6  as  they  did  for  A1-6061-T6  and  A1-A356-T6.  That 
raault  would  ba  understandable  because  A1-7075-T6  is  a  harder,  atroogar 
alloy.  However,  it  was  surprising  to  aota  that  outtar  lifo  was  so 
much  longer  for  A1-7075-T6  than  tha  othar  alloys  at  oomparahla  ohip 
loads.  For  new,  tha  optima  chip  load  for  A1-7075-T6  has  bean  estab¬ 
lished  as  lying  between  0.005  and  0.008  inch/ tooth;  and  it  is  esti¬ 
mated  to  ba  0.008  inch/ tooth. 

Whan  cutting  aany  alloys,  it  is  found  that  outtar  lifa  increases  aa 
faad  rataa  era  dear eased.  As  discussed  above,  this  woe  not  found  to 
be  the  ossa  for  tha  aluminum  alloys.  For  thoso  alloys,  it  was  found 
that  outtar  lives  reached  a  sax  ism  at  soma  unique  feed  rata  value. 

As  a  consequence,  it  will  bo  found  that  outtar  lifa  on  aluainum  alloy* 
incraaaea  up  to  a  point  aa  faad  rataa  are  iaoxaased.  That  this  can 
ba  true  is  shown  rather  emphatically  in  Figura  108.  In  that  figura, 
it  can  be  observed  that  ohip  welding  and,  therefore,  cutter  breakage 
was  eliminated  by  increasing  the  feed  rata. 

Hafore  concluding  this  subsection,  the  question  of  tooth  density 
limitation  on  out  tars  should  be  addressed.  Normally,  aluminum  cutting 
end  mills  are  provided  with  only  two  flutes  so  that  adaquata  ohip 
elaaranae  can  ba  provided  to  minimise  chip  peeking  in  the  flutes.  At 
ultra-high  cutting  speeds t  e.g. ,  20,000  rwvolutions/alnuta ",  however, 
it  was  found  that  4-fluts  cutters  presented  no  chip-packing  problems 
whan  making  peripheral  aota  (of.  Figure  75)  or  shallow  pocketing 
outs  (of.  upper  slot  in  Figure  108).  At  tfaeae  speeds,  asntrifugal 
for oat  hurl  aluminum  ahipa  away  from  cutters  with  a  sand  blasting  affect 
that  virtually  preclude*  any  ohip  pecking.-  Such  an  ooourrenee  oould 
permit  the  uaa  of  oven  higher  tooth  densities  and  tabla  faad  rataa. 

For  example ,  if  a  0.010  inch/ tooth  faed  rata  oould  ba  maintainad 
with  a  6-fluta  and  mill  revolving  at  20,000  revolutions /minute ,  than 
tha  table  feed  rata  could  be  increased  to  1,200  inohes/sinute.  On 
tha  other  hand,  if  ohipe  cannot  escape  the  cutting  sane;  e.g.,  in  a 
slotting  cut  deeper  then  the  cutter  diameter,  chip  pecking  (cf.  lower 
slot  in  Figura  109)  would  b*  apt  to  oecur.  Xf  such  a  problem  could 
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not  ba  corractad  by  incraaaing  tha  ship  load,  than  it  might  ba  nacaa-  •  .1 

fl  •ary  to  uaa  a  aingla  fluta  outtar  auch  aa  tha  ona  ahown  in  Figure  110.  '  1 

That  typa  of  outtar  waa  praparad  by  partially  grinding  ona  fluta  off  < 

a  2- fluta  and  mill,  laaving  a  haavy  body  saetion  for  atrangth.  Such 
cuttars  wara  auocaaafully  uaad  for  thraa  high  apaad  machining  appli¬ 
cations  on  tha  Guidance  and  Control  shall  (cf.  Figura  63) . 
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rot  all  practical  purposes,  optimum  radial  and  axial  depth  of  cut 
combinations  war*  established  an  tha  bat tar  instrumented  nan jail. 
Therefor*,  tha  raaulta  praaantad  in  figures  91  through  91  a ra  reccm- 
untod  for  any  application*  involving  tha  Bullard  vortical  turrat 
la tha. 


cutting  lattfl  Optimisation 

Tha  ikstren,  Carlaoa  high  speed  apindla  had  thraa  fixad  apaada. 

Thaaa  vara  3,600  ,  7,200  and  14,400  revoluticms/mlnuta.  Of  thaaa, 
only  tha  14,400  ravolntiona/talnuta  apaad  was  raally  applicable  to 
high  apaad  naohining  atudiaa.  Thia  shortcoming  plua  tha  trial-and- 
arror  methods  that  had  to  toa  uaad  to  aat  tahla  apaada  (£aad  rataa) 
and  ooordinata "down- f aada ,  drastically  radnoad  tha  varaatility  of  tha 
Bullard  V.T.X,.  aa  a  taat  aaohina.  However,  an  effort  was  nada  to 
develop  a  Saylor  tool  Ufa  eorva  far  A1-A3S6-T6,  and  tha  raaulta  oh* 
talnad  ara  shown  in  rigura  111.  There,  it  ean  toa  obaarvad  that  tha 
data  davalopad  we*  not  auffioiant  to  aatataliah  a  dafanaihla  curve, 
at  laaat  three  data  pointa  would  have  bean  required  for  that  purpoaa. 
However,  tha  data  ware  uaad  to  approxiaata  tha  no  at  aoonoadcal  gutting 
apaad  for  tha  very  ahraaive,  oaat  altmdmum  alloy,  A356-T6.  Oaing 
tha  same  analytical  aethoda  that  wore  uaad  in  aubaaotion  B.2.3,  it 
waa  that  tha  most  aaonoxioal  tool  Ufa  and  cutting  apaad 

for  and  ■■nnwg  A1-A356-T6  under  tha  ccnditiona  opacified  in  figure 
‘111  ware  on  tha  order  of  72  minutes  and  2,290  feet/ainuta,  raapactivaly. 

Tha  aoat  eooncmical  cutting  apaad  estimated  above  for  A1-A396-T6  ia 
nuch  laaa  than  tha  10,000  foat/niauta  cutting  apaad  that  waa  roughly 
estimated  for  A1-7073-T651  and  A1-6061-T651  in  Tahla  V.  At  this  time, 
it  ia  baUeved  that  aoat  altmdmum  alloys  can  be  aoonomloally  aillad 
at  that  estimated  cutting  apaad  of,  roughly,  10,000  faat/ninuta.  It 
is  only  for  tha  few  aluminum  alloys  which  have  high  silicon  content*; 
a.g.»  A1-A356,  or  other  detrimental  alloying  that  cutting  speed  re¬ 
duction*  for  optimisation  would  be  anticipated. 

QmmA,  Qftiftrai&ssi 

It  has  bean  pointed  out  in  thia  section  that  currant  spindle  speeds 
on  20  horsepower  machines  ara  not  fast  enough  to  produce  "most  eoo- 
namloal*  cutting  apaada  for  many  alvmdmum  alloys.  In  tha  aama  vein, 
it  has  bean  suggested  that  futura  apindla  -Assigns  should  correct  that 
situation.  However,  it  would  do  little  good  to  increase  apindla  apaada 
without  first  increasing  tabl*  apaada  or  feed  rataa.  for  instance , 
if  tha  optima  feed  rata  of  0.010  in oh/ tooth  wart  uaad  to  peripheral 
sill  A1-6061-T651  with  a  1.25-inch  diameter,  4-fluta,  and  kill  turn¬ 
ing  at  20,000  revolutions Atinuta,  a  table  speed  ef  800  inehas/feinute 
would  ha  required.  Since  a  20  horsepower  aaohina  with  that  capability 
did  not  knowingly  exist  at  tha  tins,  it  was  concluded  that  existing 


table  speeds  wars  already  too  slow  for  the  high  speed  spindles  then 
available.  Thus,  it  was  further  concluded  that  faster  spindle  speeds 
will  not  be  needed  until  faster  table  speeds  are  provided  to  close 
the  gap  between  the  two. 
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9.0  TEST  RESULTS  -  CUTTING  FORCE ,  HORSEPOWER. 
CUTTER  DEFLECTION  AMD  PULL-OIT 


Cutting  Forcss 

A  knowledge  of  cutting  forces  is  needed  by  N/C  programmers,  production 
planners  and  others  to  help  control  dimensional  tolerances,  machine 
more  economically,  minimize  component  distortion,  and  prevent  cutter 
breakage.  Perce  knowledge  is  also  useful  to  tool  designers  in  pre¬ 
paring  holding  fixtures)  and  it  is  particularly  needed  for  those 
machine  tools  equipped  with  adaptive  control. 

Zn  this  section,  results  showing  the  effect  of  feed  rates,  cutting 
speeds  and  depths  of  cut  on  cutting,  feed,  and  thrust  forces  for 
A1-6061-T651  era  presented. 

Test  Procedure 


The  setup  used  to  perform  these  testa  is  shown  in  Figure  72  and  dis¬ 
cussed  in  subsection  6.1.  The  workpiece  blocks  shown  in  that  figure 
measured  approximately  2.25  inches  thiok  by  12  Inches  square.  The 
blocks  were  drilled,  counterbored  and  bolted  to  the  face  of  the  3-axes 
milling  dynamometer  which  had  been  mounted  in  e  vertical  position  on 
the  Omnimil.  Previously,  the  dynamometer  had  been  calibrated  in  the 
laboratory  by  ayatamatically  aatting  known  weights  on  the  three  axes 
of  the  dynamometer  end'  adjusting  the  pen  dafleation  produced  by  the 
measuring  and  racording  devices  (cf .  Figures  73  end  74) .  For  this 
case,  the  pens  wars  adjusted  to  deflect  one  centimeter  for  each  20 
pounds  of  load  or  force.  Same  cross  talk  wee  noted  among  the  three 
axes  when  each  was  individually  loaded)  but  this  was  minimal,  varying 
batwaan  1  and  2  percent.  After  the  dynamometer  had  been  calibrated 
end  made  a  part  of  the  Omnimil  setup,  the  calibration  was  rachecked 
then  and  from  time  to  time.  This  was  accomplished  by  electronically 
placing  a  simulated  load  across  the  force  measuring  system  and  noting 
the  daflaction  of  the  oscillograph  or  plottsr  pens.  If  necassary,  the 
recording  pans  were  readjusted  to  give  the  proper  calibration)  i.a., 
deflect  the  proper  number  of  centimeters  for  the  simulated  loads. 

Having  established  the  means  for  measuring  cutting  forces,  selected 
machining  parameters  were  established  next.  For  this  purpose,  e  test 
matrix  was  prepared  as  illustretsd  in  Figuxa  112.  As  shown  in  that 
figure,  axial  depths  of  cut  wars  variad  systematically  from  2.0  inches 
down  to  0.125  inch.  For  etch  axial 'depth  of  cut,  radial  depths  of  cut 
were  selectad  from  Figure  92  to  give  machine  loads  cf  approximately 
25,  50,  75,  and  100  percent.  Feed  rates  and  cutting  speeds  wars  held 
constant  at  200  inahas/minuts  and  20,000  ravolutions/minuts  for  those 
depth  of  cut  testa.  For  the  feed  rate  tests,  axial  and  radial  daptha 
of  cut  were  held  constant  at  0.750  and  0.200  inch,  respectively. 

Those  values  wars  chosen  because  they  were  expected  to  uso  45  percent 
of  the  machine  load.  Cutting  speeds  were  held  constant  at  11,000 


131 


CUBIC  INCH  MAXIMUM  % 
MR  MINUTt  0I7LICTI0N  LOAO 


VOLTS 


141-IN.  DIA*  4-UUTI,  240-IN.  P.L,  C*HM 


a 

21 

10 

<41/7.14 

a 

12 

a 

10.42/1440 

70 

77 

a 

1142/2141 

ai 

a 

ii 

12 

24/173 

33 

ai 

a 

a 

24 

141  /117I 

U 

ai 

uiia 

1242/113 

UM  MM 

12M  i  m 

1210  t  JEM 
12M  1430 


1 1*1 ' 


17M 

17M 

17M 

1204 

04M 

1204 

17N 

1710 

1204 

UM 

24  - 

»  II 
32  M 
34  42 


a  4i 
a  v 


14  tart 
a  mi /i  im 
a  144  2/1  Ml 


140/173 
1101/1144 
U  |  1743/1 Ml 


II  12/111 
a  1142/im 
14  1442/114 


II  141/7.4 
I  11.42/1173 
24  1442/2141 


-  7,14/1144 

12  141/114 

12  10/7  J7 

12 


12 

a  I  7.41/1147 


IKEHTfli 

71 

iKHnm 

70 

1471  IN.  DIA.,  2-Flirrl,  240-IN.  F.L,  C«K0i 


2M 

a. OOP  I  2M 
200 
200 


10  12 

1 

24/110 

a 

-  a 

11 

Mir.  240 

44 

-  34 

a 

14/1  Ml 

41 

ravolutions/minute  for  the  feed  rate  test3  to  permit  a  more  practical 
range  of  feeds »  while  feed  rate  itself  was  varied  from  20  to  200 
inchas/minuta  or  from  0.001  to  0.009  inch/tooth.  Finally,  cutting 
speeds  were  varied  from  a  lowest  possible  10,800  to  a  highest  possible 
20,000  revolutions/minute ,  and  feed  rates  were  varied  from  110  to  200 
inches/minute  to  maintain  a  constant  chip  load,  in  determining  the 
effect  of  cutting  speed  on  cutting  force.  Axial  and  radial  depths  of 
out  were  again  held  constant  at  0.730  and  0.200  inch,  respectively. 
While  force  tost*  were  performed  with  other  parameters ,  the  ones 
listed  in  Figure  112  served  as  a  nucleus  for  the  cutting  force  tests. 

As  shown  in  Figure  112,  most  of  the  cuts  were  made  with  1.25-inch  diam¬ 
eter,  4- flute,  4-percent  cobalt  high  speed  steel  end  mills.  The  only 
exceptions  were  made  for  the  feed  rate  testa  and  for  those  radial 
depth  of  cut  teata  that  exceeded  1.200  inches.  For  the  feed  rate 
tests,  1 .25-inch  diameter,  2-flute,  4-percent  cobalt  high  speed  steel, 
end  mills  were  used/  while  2.0-inch  diameter  cutters  ware  used  for 
the  deeper  radial  depth  of  cut  tests.  Cutters  of  1. -5-inch  diameter 
wore  selected  for  testing  purposes  because  balancing  was  ganerally 
not  a  problem  for  cutters  this  size  and  under.  Additionally,  these 
cutters  were  of  a  practical  aiza,  offering  good  strength,  fair  chip 
clearance,  and  aodarataly  high  cutting  velocitiaa.  The  2-flute  cutters 
were  used  to  obtrin  higher  chip  loads,  and  tha  4- flute  end  mills  were 
selected  for  their  greater  section  modulus  and  breaking  strength. 
Additionally,  all  cuts  wara  made  in  tha  climb  milling  mode. 

After  setting  selected  axial  and  radial  depths  of  cut,  feeds  and 
speeds  on  tha  Omnimil  which  had  also  been  previously  calibrated,  both 
tha  milling  machine  and  oscillograph  ware  activated  and  force  record¬ 
ings  were  made  from  tha  beginning  to  the  end  of  the  cut.  The  force 
recordings  were  inked  on  graph  paper  by  the  X-Y  plotters  shown  in 
Figure  74  because  the  printer  on  tha  gal vanomater- type  oscillograph 
shewn  in  Figure  73  proved  to  be  too  noisy.  Readings  from  the  record¬ 
ings  ware  made  after  tha  foroa  traces  had  stabilized.  This  proesdure 
was  repeated  for  each  combination  of  cut  depth,  apeed  and  fsad  listed 
in  Figure  112  plus  a  faw  supplementary  combinations. 

9.1.2  Force  Measurements 


Along  with  the  depth  of  cut  tests  reported  in  subsection  8.2.2,  cutting 
force  testa  wara  conducted  on  A1-6061-T651  .in  particular,  using  the 
teat  procedures  described  above.  The  forces  maasured  are  exemplified 
in  Figure  113.  These  are  tha  cutting  force  (F0) ,  which  in  this  case 
is  directed  parallel  with  the  Z-axis  of  the  Cmnimil,  the  feed  force 
(Fj) ,  the  thrust  force  (Ft) ,  and  tha  resultant  forco  (R)  .  For  simplicity, 
tha  force  diagram  was  constructed  at  the  aft  end  of  the  cutter  instead 
of  tha  cutting  end.  In  compliance  with  the  type  of  cuts  made  in 
these  teats,  the  diagram  shown  in  Figure  113  is  rsprossntative  of 
peripheral  milling  in  the  climb  mode. 
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Tha  foroa  results  obtained  on  A1-4061-T651  with  relatively  sharp  cut¬ 
ters  are  presented  in  Figures  114  through  119.  Except  for  the  results 
shown  in  Figure  115,  most  of  the  plots  were  orderly  and  empirical 
equations  were  developed  by  linear  regression  for  most  from  the  date. 
The  plot  in  Tigure  115  was  correctod  by  working  backwards  from  the 
spindle  horsepowers  recorded  for  the  speeds  shown.  Those  for  which 
extrapolations  wars  made  wars  in  obvious  error,  because  the  cor¬ 
responding  cutting  forest  indicated  higher  cutting  horsepowers  than 
spindle  horsepowers,  an  impossibility .  Force  results  for  the  other 
two  axes  (cf.  Figure  118)  support  that  corrective  procedure.  In  sum¬ 
mation,  the  effect  of  feed  sates  on  cutter  forces  are  gitfen  in  Figures 
114  and  117;  the  effect  of  cutting  speeds  on  cutter  forces  ars  givsn 
in  Figures  115  and  118 i  and  the  effects  of  cut  depths  on  cuttsr  forces 
ars  given  in  Figures  116  and  119. 

General  Observations  o 

Rased  on  data  praaantad  in  Figures  115  snd  118,  cutter  f cress  do  not 
appear  to  be  influenced  by  cutting  speeds  varying  betwean  ,3,500  feat/ 
minute  and  7,000  feet/minute . 

reed  rates  and  out  daptha  have  a  significant  affact  on  cuttar  forces. 
However,  the  effect  of  radial  depths  on  cuttsr  forces  decrease  as  axial 
daptha  decraaaa. 
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Generally,  tha  cutting  force  component  (F  )  was  less  than  the  feed 
force  component  (Ff)  for  machine  loads  under  25%.  However,  at  some 
machine  load  value  between  25  and  50  percent,  this  trend  reversed; 
and  the  cutting  force  component  became  dominant.  As  machine  loads 
were  further  increased,  so  did  the  domination  of  the  cutting  force 
component. 

Most  of  the  plots  in  Figures  116  and  119  are  baaed  on  three  data 
points.  These  data  points  are  representative  of  machine  loads  of 
approximately  2S,  50,  and  75  peroent.  From  these  data,  it  was  deduced 
that  the  Bryant  high  speed  spindle  should  not  be  used  for  applications 
requiring  more  than  approximately  80  pounds  of  cutting  force ;  i .  a . , 
a  75-percent  machine  load.  While  it  is  not  expected  that  a  100-pound 
force  would  break  a  cutter  or  damage  a  part  or  machine  tool,  it  is 
likely  that  such  a  force  would  trigger  protective  interlocks  and 
shut  down  the  machine. 

9.2  Horsepower 

Since  a  part  should  never  be  put  on  a  machine  tool  that  does  not  have 
the  power  to  produce  it,  a  knowledge  of  horsepower  requirements  is 
needed  by  machine  loading  groups  in  particular.  Horsepower  require¬ 
ments  can  be  controlled  since  these  are  functions  of  cutting  spesds, 
fssds,  depths  of  out,  cutter  geometry,  cutting  fluids  and  other 
machining  parameters.  Thus,  a  knowledge  of  the  effaot  that  each  of 
these  has  on  horsepower  is  needed  by  M/C  programmers  and  production 
planners  to  help  design  a  machining  oparation  so  that  it  can  stay 
within  machine  power  limitations.  High  spsed  machining  introduces 
another  need  for  horsepower  knowledge.  That  is,  all  things  being 
equal,  horsepower  will  increase  linearly  with  cutting  spaed;  and  a 
high  horsepower  spindle  may  be  required  for  high  speed  machining. 

Thus,  a  knowledge  of  horsepower  demands  is  also  naadad  by  spindle  de¬ 
signers  to  help  build  adequately  powered,  high  speed  spindles. 

Horsepower  is  usually  expressed  in  terms  of  spindle  (input)  horse¬ 
power  or  cutter  (output)  horsepower.  Spindle  horsepower  is  generally 
determined  with  a  wattmeter,  and  cutter  horsepower  is  usually  deter¬ 
mined  with  a  dynamometer,  of  the  two,  cutter  horsepower  is  more 
difficult  to  measure.  Additionally,  autter  horsepower  will  always 
be  less  than  its  corresponding  spindle  horsepower  because  of  the 
transmission,  frictional  and  thermal  loasas  sustained  in  just  driving 
the  spindle.  Tha  ratio  between  the  two  is  a  measure  of  a  spindle's 
efficiency. 

In  this  section,  results  showing  tha  effect  of  depths  of  cut  on 
spindle  horsepower  requirements  for  A1-7075-T651,  A1-6061-T651 ,  and 
A1-A356-T6  are  presented.  Additionally,  results  showing  the  affect 
of  feed  rates  and  cutting  spaeds  on  spindle  horsepower  requirements 
for  A1-7075-T651  and  A1-6061-T651  are  given.  Finally,  results  show¬ 
ing  tha  effect  of  feed  ratas,  cutting  speeds,  and  depths  of  cut  on 
cutter  horsepower  requirements  are  presented  for  A1-6061-T651. 
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TSSfe  Procedure 


Spindle  horsepower*  wtri  determined  by  measuring  machine  loads  and 
cutting  speeds  for  all  of  the  tests  indicated  in  Figures  91,  92,  93, 
and  112  plus  those  frost  a  few  supplaaaentary  tests.  These  data  were 
then  converted  to  horsepowers  with  the  aid  of  formulae  described  in 
subsection  6.1  or  the  nanograph  shown  in  Figure  71. 

Cutter  horsepowers  were  calculated  fron  the  cutting  force  (Fe)  and 
cutting  speed  data  contained  in  Figures  112,  114  through  119.  The 
formula  used  for  that  purpose  was  also  prsssntsd  in  subssetion  6.1. 

Unit  power  requirements  were  determined  for  both  spindle  and  cutter 
horsepower.  This  was  aocosplishsd  by  dividing  sach  horsepower  value 
by  its  corresponding  metal  removal  rata  value  in  cubic  inehes/feinute. 

Spindle  efficiencies  were  determined  by  dividing  each  cutter  horse¬ 
power  value  by  its  corresponding  spindle  horsepower  value. 

Horsepower  Measurements 

Using  the  procedures  described  shove,  spindle  horsepower  was  deter- 
alnad  for  all  three  aluminum  alloys  and  cutter  horsepower  was  de¬ 
termined  for  M-6061-T651.  The  results  obtained  are  shown  in  Figures 
120  through  126.  While  most  of  the  plots  wars  orderly,  tone  incon¬ 
sistency  was  noted  among  the  spindle  efficiency  plots  contained  in 
Figures  120  through  122  end  Figure  123. 

The  effect  of  feed  rates  on  horsepower  are  given  in  Figures  120  and 
123  for  *1-606 1-T631  and  A1-7075-T631,  respectively.  The  effect  of 
cutting  speeds  an  horsepower  requirements  for  the  same  materials  art 
shown  In  Figures  121  and  124.  For  convenience,  ampirical  aquations 
were  developed  from  and  superimposed  on  these  plots.  The  abbrevia¬ 
tions  used  in  the  equations  are  dafined  as  follows i 

HFa  ■  spindle  horsepower 

HPC  m  cutter  horsepower 

ft  ■  feed  (inch/ tooth) 

v  -  cutting  speed  (faet/minute) 

The  effect  of  depths  of  cut  on  horsepower  requirements  are  prsssntsd 
in  Figure  122  for  *1-6061-T651,  Figure  123  for  X1-7073-T6S1,  and 
Figure  126  for  Al-*336-T6.  Finally,  the  affect  of  aluminum  alloys 
on  horsepower  requirements  are  shown  in  Figure  127  >  and  tha  effect  of 
carbide  cutters  on  horsepower  requirements  are  presented  in  Figure 
128  for  A1-707S-T651 . 

*  summary  of  horsepower  and  metal  raswval  rate  data  obtained  for  *1- 
6061-T651  et  different  machine  loed  percentages  is  presented  in  Table 
vi.  Also  included  in  this  table  ere  the  unit  horsepower  and  spindle 
efficiency  results. 
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TABLE  VI  -  SUMMARY  OP  HORSEPOWER  AND  METAL  REMOVAL  RATE 
DATA  DEVELOPED  FROM  END  MILLING  TESTS  ON 
6061-T651  ALUMINUM 


*1.25- inch  diameter,  4-flute,  2.5-inch  flute  length,  cobalt  HSS,  end  mill 
**1.9- inch  dimeter,  2-flute,  2-inch  flute  length,  cobalt  HSS,  end  mill 


9-2.3  General  Observation*  on  Horsepower  Meaeureaente 

Based  an  results  shewn  in  Table  VI,  the  maximum  metal  removal  rate 
that  can  be  obtained  on  a  continuous  duty  cycle  basis  with  the  Bryant 
20  horsepower,  high  speed  spindle  is  approximately  ?3  cubic  inches/ 
minute. 
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In  Figures  121  and  124,  it  can  be  observed  that  horsepower  require¬ 
ments  increase  with  cutting  speeds.  Since  horsepower  is  the  product 
of  cutting  force  and  cutting  velocity  and  cutting  forces  were  not 
effected  by  cutting  speeds,  that  is  a  logical  result. 

According  to  the  spindle  horsepower  equation  given  in  Figure  121,  a 
170-horsepower  spindle  motor  would  be  required  to  make  the  same  cut  at 
100,000  feet/minuta. 

The  spindle  horsepower  equation  given  in  Figure  122  for  1.0- inch  axial 
depths  infers  that  a  37  horsepower  spindle  motor  would  be  required  to 
make  a  1.0-inch  deep  slotting  cut  with  a  1.0-inch  diameter  cutter.  If 
it  were  desired  to  make  this  cut  at  a  50-percent  duty  cycle,  a  75 
horsepower  spindle  motor  would  bs  required. 

A  comparison  of  Figures  120  and  123  shows  that  A1-7075-T651  is  much 
more  faed  rata  sensitive  than  A1-6061-T651. 

Results  shown  in  Table  VI  indicate  that  approximately  2.5  cubic  inches 
of  A1-6061-T651  can  be  milled  per  minute  for  each  unit  of  cpindle  horse¬ 
power  that  is  available. 

9*3  Cutter  Deflection 

Cutter  deflection  data  are  needed  by  N/C  programmers  to  help  maintain 
dimensional  tolerances.  Generally,  one  or  more  floating  cuts  are  in¬ 
cluded  in  an  M/C  program  to  correct  for  cutter  deflection  induced  tol¬ 
erance  errors.  Whan  the  number  of  floating  cuts  provided  are  insuffi¬ 
cient,  a  new  program  generally  has  to  be  made;  and  that  is  costly.  On 
the  other hand,  if  the  number  of  floating  cuts  provided  is  excessive, 
the  N/C  machine  will  loaf  a  part  of  the  timer  and  that,  too,  is  costly. 
Thus,  cutter  deflection  data  are  needed  to  help  reduce  machining  costs 
as  well  as  maintain  dimensional  tolerances. 

In  this  section,  results  showing  the  effect  of  feed  rates,  cutting 
speeds,  and  depths  of  cut  on  cutter  deflection  are  given  for  Al-6061- 
T651.  Additionally,  results  showing  the  effect  of  depths  of  cut  on 
cutter  deflection  for  A1-7075-T651  and  A1-A356-T6  are  prosented. 

9.3.1  Test  Procedure 

The  experimental  setup  used  in  performing  these  tests  is  shown  in  Fig¬ 
ure  72  and  discussed  in  subsection  6.1.  Since  these  tests  were  con¬ 
ducted  in  conjunction  with  the  optimum  depth  of  cut  (cf.  subsection 
a. 2. 2)  and  cutting  foroe  (cf.  subsection  9.1)  tests,  the  same  end  mills 
and  test  blocks  used  in  those  investigations  were  also  used  in  this 
study.  However,  to  show  the  effect  that  flute  length  has  on  cutter 
deflection,  some  additional  tests  wers  performed  with  4-inch  flute 
length,  1.25- inch  diameter  cutters. 
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Af tar  a  pass  had  been  made  across  on*  of  ths  12-inch  test  blocks  (see 
Figure  72)  in  the  above  referenced  tests,  the  cutter  was  brought  back 
to  the  end  of  the  test  block  and  allowed  to  dwell  in  the  cut  until  it 
reached  an  undeflected  position.  The  end  mill  was  then  worked  back 
and  forth  a  fraction  of  an  inch  to  produce  a  nail,  undeflected  flat  on 
the  machined  surface.  Cutter  deflection  was  then  determined  by  measur¬ 
ing  the  height  of  the  resulting  step  with  a  depth  gage  micrometer. 

The  deflection  measurements  were  made  at  the  bottom  of  the  axial  depth 
of  cut  and  were,  therefore,  rapraaantativa  of  maximum  cutter  dafleetiona. 

As  before,  these  taata  were  performed  with  relatively  sharp  euttars, 
using  peripheral  milling  in  ths  climb  mode. 

Cutter  Deflection  Meesurasiente 

The  cutter  deflection  measurements  obtained  with  the  above  described 
procedure  are  presented  in  Figures  129  through  133.  The  curve  fit  in 
these  plots,  while  not  as  good  as  before,  was  sdaquata  for  ths  most 
part.  A  notable  exception  to  that  observation  is  shown  in  Figure  130 
for  the  cast*  of  cutting  speed  versus  cutter  dafleatlon.  In  that  plot, 
no  dafinita  trend  was  established.  However,  when  an  extrapolated  value 
wee  obtained  for  a  cutting  spaed  of  3,600  feet/minute  and  e  0.0025 
inch/tooth  feed  rate  with  the  formula  in  Figure  129,  the  curve  in  Figure 
130  took  on  e  rare  slope-look,  as  shown.  Xf  that  procedure  can  be 
aasepted,  then  it  can  be  concluded  that  cutting  speed  has  little  affect 
on  cutter  deflection  over  the  range  tested.  It  is  believed  that  much 
of  the  scatter  shown  in  Figure  130  can  be  attributed  to  vibrations  in¬ 
duced  at  resonant  frequencies. 

As  mentioned,  the  effect  of  feed  rates  on  cutter  deflection  era  given 
in  Figure  129  for  A1-6061-T651,  and  the  effect  of  cutting  speeds  on 
cutter  deflection  are  indicated  in  Figure  130  for  the  ssme  material. 

The  effect  of  depths  of  out  on  cutter  deflection'  are  presented  in  Fig¬ 
ure  131  for  A1-6061-T651,  Figure  132  for  A1-7073-T69X,  end  Figure  133 
for  A1-A335-T&.  Ths  formulas  developed  from  and  superimposed  on  those 
pi«7*  were  established  statistically  with  liases  regression. 

saaiaL^biieasteai 

While  no  direct  comparison  can  be  made,  it  does  not  appear  from  these 
data  that  high  cutting  speeds  have  any  detrimental  affect  an  auttar 
dafleatlon.  Cutter  deflections  of  0.006  inch  end  0.008  inch  ere  com¬ 
mon  et  conventional  cutting  speeds. 

Cutter  deflection  increases  significantly  as  flute  lengths  ere  in¬ 
creased.  Increasing  the  flute  length  of  e  1.25- inch  diameter  end 
mill  from  2.0  inches  to  4.0  inches  can  increase  cutter  deflections  as 
much  as  fourfold. 


Cuttar  daflaction  was  obsarvad  to  be  quite  sensitive  to  feed  rate 
changes.  As  shown  in  Figure  129,  cutter  deflection  increased  or  de¬ 
creased  almost  identically  with  feed  rate. 


9.4  Cutter  Pullout 


In  an  and  milling  operation,  a  cutter ,  by  design,  will  try  to  pull  out 
of  its  toolholdar.  If  unabla  to  do  that,  tha  cuttar  will  try  to  pull 
tha  toolholdar  out  of  tha  apindla.  If  unabla  to  do  that,  tha  cuttar 
will  try  to  pull  tha  apindla  out  of  ita  housing.  Tha  nagnituda  of  tha 
pull  appaaxa  to  inoraasa  apaoifioally  with  faad  ratas.  cut  daptha.  cut* 
tar  halls  anglaa  and.  to  aoma  art ant.  cutting  apaad  or.  in  ganaral. 
with  maehina  loada.  If  tha  load  bacomaa  high  anough.  aoma thing  haa  to 
giva.  Generally,  it  will  ba  nothing  more  than  tha  axial  dapth  of  cut 
incraaaing.  randaring  tha  part  out  of  tolaranoa.  In  axtrama  caaas.  a 
part  may  ba  suokad  into  tha  cuttar  and  ruin ad)  or  tha  apindla  shaft  or 
baarings  may  bacons  damagad.  Whila  such  raaulta  occur  for  conventional 
milling  as  wall  as  high  apaad  milling,  those  are  more  critical  for  tha 
latter.  For  instance,  if  a  spindle  is  turning  at  20.000  revolutions/ 
minuta  and  a  heavy  pull  ia  induced  on  its  shaft,  there  will  ba  a  tendency 
to  pull  tha  baarings  apart,  (van  if  tha  bearings  are  only  atratohad 
rather  than  pulled  apart,  exeasaive  heat  may  ba  generated  at  that  apaad 
which,  if  not  the  applied  load,  may  warp  the  shaft .  bearing  races .  at 
cetera,  randaring  tha  apindla  out-of-balance  and.  essentially,  inoperable. 
Such  a  result  occurred  twice  during  this  program.  Any  future  reoccur¬ 
rences  of  this  result  could,  probably,  bast  ba  allaviatad  by  redesigning 
tha  apindla;  o.g. .  adding  thrust  or  hydraulic  preload  baarings  at  tha 
forward  journal.  However,  to  help  alleviate  reoccurrences  of  the  above 
result  for  now  and  to  help  maintain  dimensional  tolerances ,  this  test 
program  was  initiated  to  establish  tha  affect  of  out  geometry  on  cuttar 
pullout. . 

In  this  section,  raaulta  showing  tha  effeat  of  feed  rata  and  radial 
depths  on  axial  dapth  growth  (cuttar  pullout)  are  presented  for  Al- 
6061-T651. 

9.4.1  Test  Procedure 

The  experimental  setup  used  in  performing  these  tests  is  shown  in  Figure 
72.  These  testa  wore  performed  simultaneously  with  tha  cutting  force 
teats  (of.  subsection  9.1)  and  cuttar  deflection  teats  (cf.  subsection 
9.3).  Consequently,  the  asms  and  mills,  taat  blocks  and  parameter a  used 
in  thoae  tests  wore  also  used  in  this  invaatigation.  Likewise,  relatively 
sharp  cutters  ware  used  to  make  peripheral  and  milling  outs  in  the 
climb  mode. 


After  a  pass  was  mads  across  one  of  the  12- inch  test  blocks  shown  in 
Figure  72,  the  true  axial  depth  of  cut  was  datarmined  by  measurement 
with  a  dapth  gage  micrcsiatar.  Tha  difference  between  that  measure¬ 
ment  and  tha  original  setting  was  tha  measure  of  cuttar  pullout. 
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9.4.2 


Cutter  Pullout  Msiurur  scents 


The  cottar  pullout  maaaunnents  obtained  with  the  above  described 
procedure  are  plotted  in  Figure  134.  The  aurve  fit  for  the  two 
plots  was  considered  to  be  satisfactory. 

As  shewn  in  Figure  134 (a) ,  cutter  pullout  appeared  to  peak  at  a 
machine  lead  of  approximately  75%  when  cut  depths  were  varied,  la 
contrast/  the  feed  rate  curve  in  Figure  134 (b)  did  not  exhibit  any 
peaking  tendency?  and  its  slope  indicated  that  feed  rata  has  a  sere 
pronounced  effect  on  cutter  pullout  than  radial  depth  of  cut. 

The  results  of  Figure  134(b)  also  imply  that  optima  feed  rates 
(of.  Figure  105)  would  overload  the  existing  Omnim-H  high  speed 
spindle  (of.  Figure  52)  and  would  tend  to  pull  its  bearings  apart. 
Based  on  those  observations,  it  was  ouneluded  that  sore  powerful 
and  rugged  spindle  no  ton  wen  needed  for  high  speed  machining. 

As  mentioned  in  subsection  5.5/  fester  spindle  speeds  will  not 
be  needed  until  fester  table  speeds  are  provided.  However*  faster 
table  speeds  say  not  be  usable  until  non  powerful  and  rugged  apindla 
motors  are  provided..  For  these  naaona*  it  was  further  concluded 
that  future  developmental  efforts  for  high  speed  machining  equip* 
meat  should  be  accomplished  la  the  following  order  of  priority i 

e.  Mon  powerful  and  rugged  apindla  motors 
b.  Faster  table  speeds 

o.  Fastar  spindle  speeds. 


\ 
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10.0  TEST  RESULTS  -  SUCTACE  FINISH 
AND  RESIDUAL  STRESS 

% 


10.1  Introduction 

Before  using  any  now  manufacturing  process ,  it  is  usually  nscasssry  to 
determine  what  offset ,  if  sny,  it  has  on  part  quality.  In  tha  pracad- 
ing  saction ,  it  was  shown  that  k  cuttar  dsflsetion  on  aluminum  was  no 
worse  at  high  cutting  speeds  than  it  was  at  conventional  cutting  speeds. 
Prom  that  result  and' subsequent  machining  studies  on  Guidanoe  and  Con¬ 
trol  shells  {of.  Figure  83) ,  it  was  concluded  that  high  speed  machin¬ 
ing  was  not  detrimental  to  machining  tolerances.  That  observation* 
coupled  with  ones  which  showed  that  aluminum  parts  stayed  cooler  and 
were  subjected  to  lower  cutter  forces  during  high  speed  machining  op¬ 
erations  than  conventional  machining  operations*  signified  that  part 
accuracy  may  be  enhanced  by  high  speed  machining.  In  this  section* 
the  effect  that  high  speed  machining  has  on  surface  finish  and  residual 
stress  generation  was  investigated  to  further  evaluate  the  process* 
effect  on  part  quality. 

10.2  surface  Tfcnifh 

Practically  every  machined  pert  is  given  a  maximum  permissible  surface 
finish  or  roughnoas  valua.  This  is  dona  to  improve  the  veer*  perfor¬ 
mance  or  appearance  of  the  part.  Along  with  dimensional  tolerance, 
this  Important,  property  determine!  what  tha  machining  parameters  will 
be  for  finishing  cute.  Generally*  surface  finishes  will  improve  with 
cutting  speed  increases  or  feed  rats  reductions.  Por  that  ramson*  it 
wee  expected  that  high  speed  machining  would  be  especially  beneficial 
for  surface  finishes*  and  teats  were  performed  to  substantiate  that 
oonelusion. 

• 

In  this  section*  results  showing  the  effect  of  cutting  spaed  end  feed 
sate  on  surface  finish  are  presantad  for  A1-7079-T651*  A1-6061-T651* 
and  A1-A3S8-T6. 

10.2.1  Tset  Procedure 

The  equipment  used  to  perform  thaee  tests  is  shown  in  Figure  73.  That 
setup  was  modified  for  tha  surface  finish  tests  in  that  the  dynamometer 
and  tast  block  were  replaoad  with  the  vies  shown  on  top  of  tha  angle 
block.  The  angle  block  was  than  rotated  90  degrees  so  that  the  vise 
would  be  parallel  (facing  the  reader)  to  the  outter  axis.  After  clamp¬ 
ing  e  2.0-  by  2.0-  by  2.0- in oh  test  blook  in  the  vise  and  squaring  it* 
a  conventional  milling  cut  was  made*  using  a  prescribed  cutting  speed 
end  feed  rate*  a  0.0 50- inch  radial  depth  end  e  2.0-inch  axial  depth  of 
out.  After  a  series  of  peripheral  milling  operations  had  been  performed 
in  that  aannar*  tha  blocks  (see  Figure  135)  were  taken  to  Inspection* 
where#  surface  finish  measurements  were  made  with  a  Taylor-Bobson* 
Surtronio  2*  profilometsr. 
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The  cutter  used  in  these  teats  was  a  2.0-inch  diameter,  2-flute,  2.5- 
inch  fluta  length ,  4-parcant  cobalt,  high  speed  steal  end  mill,  that 
size  cutter  was  used  so  that  cutting  speeds  to  10,000  fiaet/ainute 
could  be  obtained. 

To  obtain  the  range  of  cutting  speeds  desired,  tests  had  to  be  run  on 
two  Pan ini is.  1  standard  coni  nil  was  used  to  obtain  cutting  speeds 
under  2,000  feet/ainuta,  and  the  aodifiad  Ornniml 1  (of.  figure  62)  was 
used  to  obtain  cutting  speeds  over  5,000  feet/minute.  The  cutting 
speed  gap  between  2,000  and  S,6Q0  feet/minute  could  not  be  filled  with 
comparable  equipment. 

Peed  rate  eeleetiona  were  United  to  a  maximum  of  0.005  inch/tooth  on 
the  Coniall.  additional  tests  were  run  at  a  feed  rate  of  0.0025  inch/ 
tooth  for  cooperative  purposes. 

10.2.2  Surface  finish  Measurements 

Using  the  above  described  procedures,  surface  finishes  fox  all  three 
alloys  wars  measured  over  a  wide  range  of  cutting  speeds  for  two  dif¬ 
ferent  feed  rates.  Measurements  ware  mads  both  perpendicular  and 
parallal  to  the  direction  of  lay  (see  figure  136) .  The  results  obtained 
are  presented  in  figures  13?  through  139.  The  numerals  opposite  some 
of  the  data  points  in  thosa  figures  indicate  the  number  of  times  that 
test  result  was  obtalnsd.  Tbs  curve  fit  was  not  very  good  in  the  plots t 
therefore,  scatter  bands  were  drawn  instead  of  eurvaa  for  meet  of  the 
cases. 
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10.2.3  Ganaraj.  Observation*  on  Surface  Finish  Measurements 

,  ; 

All  of  tha  surface  finish  valuta  shown  in  Figures  137  through  139  ara 
good)  and  aoaa  wars  much  battar  than  expected.  In  particular,  tha 
surfaoa  finiahas  obtained  at  low  cutting  apaada  in  tha  parpendioular- 
to- lay  direction  far  axoaadad  expectations.  Only  thosa  shown  in  Figurt 
139  came  naar  tn  fellowi*//  on  axpactad  trand.  All  of  tha  othar  surfaca 
finiahas  produoad  at  conventional  apaada  wara  as  good  as  thosa  pro¬ 
duced  at  high  apaada.  Mo  good  explanation  can  be  of farad  for  such  an 
uneharaetariatie  result  at  this, tins. 

Another  unusual  result  ooneams  itself  with  tha  direction  of  measure¬ 
ment.  For  instance,  it  appears  front  Figure  136  that  a  rougher  surface 
reading  would  bo  obtained  in  a  direction  perpendicular  to  tha  lay  than 
parallel  to  it.  However,  the  opposite  result  waa  found  for  all  cases 
in  thia  investigation.  Again #  no  good  explanation  can  be  offered  for 
such  an  unexpected  result  at  this  tlaa. 

Overall,  a  feed  rata  of  0.0025  inch/ tooth  produced  battar  surfaoa 
finishes  than  a  0.005  inch/tooth  feed  rata.  However,  the  margin  of 
superiority  wan  hardly  diseemibla  and  unworthy  of  any  production 
saorifioes.  For  now,  a  feed  rata  of  0.005  inch/tooth  can  be  reocm- 
nended  for  finishing  cuts  on  aluminum,  that  figure  will  probably  be 
raised  whan  faster  table  speeds  with  which  to  invsstigata  it  beocna 
availabia. 

This  investigation  did  not  do  whet  was  expected  of  it.  That  is,  it 
did  not  prove  conclusively  that  high  speed  machining  would  improve 
surfaoa  finiahas.  However,  it  did  prove  that  high  speed  machining 
was  not  detrimental  to  and  could  product  outstanding  surfaoa  finishes, 

10.3  Residual  Stress 

Whenever  a  machining  cut  ia  made,  a  surface  layer  is  produced  on  tha 
workpiece  that  is  different  from  the  parent  metal.  This  surface  layer 
may  be  shallow  or  deep,  depending  upon  the  severity  or  abusivanasa  of 
the  maohining  operation.  Such  a  surface  layer  can  be  seen  if  a 
photomicrograph  is  made  of  it.  In  the  photomicrograph,  the  surfaca 
layer  appears  to  consist  of  several  compressed  rows  of  tha  metal's 
grains  or  crystals,  indicating  that  plastic  deformation  has  occurred 
in  the  layer.  As  a  result  of  the  plastic  deformation,  tha  layer  is 
more  highly  stressed  than  the  parent  metal*  and  since  tha  stresses 
ware  left  by  tha  machining  operation,  these.  ara  called  residual  stresses. 

Residual  stresses  can  be  beneficial  or  detrimental .  A  nail  amount  of 
compressive  stress  esn  increase  the  fatigue  strength  of  a  component, 
and  parts  are  frequently  shot  peened  or  cold  worked  for  that  purpose. 

If  overdone,  however,  residual  stresses  can  warp  or  distort  a  workpiece 
end  detrimentally  affect  its  stress  corrosion,  fatigue  strength  end 
other  mechanical  or  physical  properties. 
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Abusive  machining  operations  us  generally  the  type  which  produce  the 
moat  plastic  deformation  and  heat  and,  thus,  the  greatest  change  in 
the  surface  layer.  Consequently,  abusive  machining  is  the  type  which 
is  most  likely  to  generate  excessive  residual  stresses  and  the  type  to 
be  avoided.  This  can  bast  be  done  by  using  more  gentle  machining 
practices . 

It  is  evident  from  the  above  discussion  that  the  machining  method  or 
parameters  selected  to  produce  a  component  can  have  an  important  effect 
on  its  quality.  High  spaed  machining  could  easily  have  basn  considered 
abusive;  therefore,  this  study  was  initiated  to  determine  its  effect  on 
residual  strsss  gensration. 

In  this  section,  results  showing  the  effeot  of  cutting  speed  on 
residual  stress  are  presented  for  A1-7075-T651,  A1-6Q61-T651,  and 
A1-A356-T6 . 

10.3.1  Test  Procedure 


The  same  setup  used  for  the  surface  finish  tests  (see  subsection  10.2.1) 
was  used  to  machine  specimens  for  the  residual  stress  tests.  Sven  the 
seme  2.0-inch  diameter,  2-flute,  2.5-inch  fluta  length,  4-percent 
cobalt,  high  speed  steal  and  mill  was  used. 

The  teat  blocks  for  this  study  maasurad  1.0-inch  thick  by  2.0  inches 
square.  In  all,  24  tast  blocks  from  thrae  different  aluminum  alloys 
were  machined  at  four  different  cutting  speeds.  From  these,  two 
residual  stress  test  specimens  were  produced  for  each  alloy  and  cutting 
spaed  combination.  For  clarity,  the  combinations  and  number  of  tast 
specimens  fabricated  for  each  are  given  as  follows: 


Cutting  Speed 
(ft/min) 

Number  of  Test  Specimens 
A1-7075-T651  A1-6061-T651  A1-A356-T6 

1,000 

2 

2 

2 

4,000 

2 

2 

2 

7,000 

2 

2 

2 

10,000 

2 

2 

2 

A  test  specimen  was  prepared  by  first  clamping  it  in  tha  vise  and  squar¬ 
ing  it,  as  before.  Three  conventional  milling  cuts  were  then  made 
across  the  2.0-inoh  square  face  of  the  specimen  at  a  radial  depth  of 
O.OSO  inch,  an  axial  depth  of  2.0  inches,  a  feed  rate  of  0.005  inch/ 
tooth,  and  at  one  of  the  prescribed  cutting  speeds.  Upon  completing 
the  milling  cuts,  the  specimen  was  carefully  removed  from  the  vise  so 
as  not  to  scratch  the  milled  surface.  The  specimen  was  then  cleaneed 
and  protectively  covered  with  masking  tape. 

All  24  of  the  residual  stress  tast  specimens  wero  prepared  in  the  above 
manner.  These  were  subaequently  packaged  and  delivered  to  Metcut  Re¬ 
search  Associates,  Incorporated.  Matcut  had  been  subcontracted  to 
measure  the  raeidual  stresses  in  tha  test  specimens  with  techniques  it 
had  perfected. 


165 


10.3.2 


Th*  method  used  by  Matcut  to  measure  residual  stresses  utilized  an  st¬ 
ray  diffraction  technique  reccuxa ended  by  the  Society  of  Automotive 
Engineers  (SAE) .  The  specific  technique  employed  differed  from  the 
more  common  SAE  technique  in  two  respects.  First,  the  diffraction  peak 
used  for  stress  measurement  was  located  using  a  five-point  parabolic 
regression  procedure  rather  than  the  three-point  algebraic  procedure 
more  eeoaonly  used.  Second,  the  intensities  measured  at  each  of  the 
five  points  were  oorrected  for  the  background  intensity.  These  modifi¬ 
cations  improved  the  repeatability  of  stresi  measurements.  Except  for 
these  modifications,  the  technique  used  was  identical  to  that  described 
in  the  SAE  publication,  "Residual  stress  Measurement  by  X-ray  Diffraction 
SAE  0784a.  Details  of  the  technique  and  diffracrbometar  fixturing  are 
outlined  below t 

D if fraction^ peek i  (331) 

Radiations  Cr  K, 

Incident  beam  divergences  3.0  degrees 
Detection  slits  0.5  and  0.7  degrees 
Counts  per  points  40,000,  100,000  and  200,000 
Beam  aisas  0.25  x  0.4  inch 
&/ (1+v) s  8.83  x  10s  psi 

The  value  of  the  property  E/  (1+v)  in  the  direction  normal  to 

the  (331)  planes  was  determined  previously  by  calibration  for  7075 
aluminum  alloy.  The  determination  of  the  alas  tic  properties  for  the 
A3 5 4  and  6061  alloys  was  beyond  the  aaope  of  this  project. 

Residual  stress  measurements  were  made  at  the  surfaoe  and  at  four  levels 
below  the  surface  on  one  of  eaeh  kind  of  sample.  The  exact  depths 
below  the  surfaoe  at  which  measurements  were  made  ere  given  with  the 
■trees  data  in  Table  VIZ.  Material  wee  removed  for  the  nub  surface 
measurements  by  electropollehlng  the  measurement  area  in  a  nitric  acid 
ethanol  solution  to  miniml.se  the  affects  af  material  removal  upon  the 
existing  subsurface  stresses.  The  determinations  were  made  at  e  point 
near  the  center  of  the  milled  faoe  of  the  block  in  e  direction  parallel 
to  the  milling  lay. 

Residual  Strsee  Measurements 

using  the  above  described  procedures,  residual  stress  measurements 
were  made  for  all  three  alloys  at  four  different  cutting  speeds.  The 
results  are  given  in  Table  VIZ?  where  each  sample  wee  coded  with  e 
sample  number  specifying  the  sample ' ■  alloy  -and  the  milling  speed  uaed 
to  finish  the  sample.  Compressive  stresses  are  reported  aa  negative 
values.  All  data  ware  corrected  for  the  effect  of  the  penetration  of 
the  radiation  into  the  subsurface  stress  gradient  end  for  stress  relaxa¬ 
tion  caused  by  layer  removal,  using  a  digital  computer. 


TABLE  VIZ  -  RESIDUAL  STRESS  MEASUREMENTS 


Sample  No. 

Depth 

(in.) 

Residual  Stress 
(ksi) 

Sample  No. 

Depth 

(in.) 

Residual  Stress 
(x  103  psi) 

A- 3  5 6- IK 


Surface 

0.0008 

0.0015 

0.0050 

0.0064 


A-356-4K 


Surface 

0.0008 

0.0015 

0.0031 

0.0070 


A-356-7K 


Surface 

0.0008 

0.0015 

0.0032 

0.0075 


A-356-10K 


Surface 

0.0008 

0.0017 

0.0035 

0.0062 


6061- IK 


Surface 

0.0009 

0.0018 

0.0030 

0.0065 


6061-4K 


Surface 

0.0009 

0.0019 

0.0032 

0.0060 


6061-7K 


7075-1K 


Surface 

0.0013 

0.0015 

0.0033 

0.0072 

Surface 

0.0008 

0.0015 

0.0030 

0.0076 


6061-10K 


7075-4K 


Surface 

0.0008 

0.0014 

0.0031 

0.0068 

Surface 

0.0009 

0.0015 

0.0035 

0.0064 


7075-7K 


Surface 

0.0009 

0.0015 

0.0037 

0.0070 


707S-10K 


Surface 

0.0008 

0.0015, 

0.0031 

0.0063 


The  data  in  Table  viz  wee  plotted  in  graphical  form  to  portray  the 
effect  of  subsurface  depth  on  residual  stresses.  The  results  obtained 
for  A1-7075-T651,  A1-6061-T6S1,  and  A1-A356-T6  are  presented  in  Figures 
140  through  142.  respectively. 
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10.3.3  General  Observations  on  Residual  Stress  Maasuramantg 


Ideally,  the  residual  stress  at  the  surface  of  a  component  should  be 
slightly  compressive  so  as  to  enhance  its  fatigue  strength.  Tensile 
stresses  on  a  surface  are  thought  to  lower  stress  corrosion  resistance 
and  are*  therefore#  undesirable#  especially  if  such  stresses  ere  high. 
An  examination  of  Figures  140  through  142  revealsd  that  undesirable 
condition  accursed  for  every  alloy  and  cutting  speed  combination. 

Met cut  remeasured  sample  number  6061-7X  (see  Figure  141)  to  investigate 
the  possibility  that  location  dapandant  variations  in  surface  residual 
stresses  may  have  contributed  to  the  observed  lack  of  correlation 
between  the  previously  measured  residual  strassas  and  milling  speed. 

Of  five  measurements  mads#  thres  were  consistent  and  two  wers  incon¬ 
sistent.  Matcut  concluded  that  tha  consistency  of  the  overall  results 
was  an  indication  that  tha  original  rasults  were  accurate  and  were 
representative  of  tha  rasidual  stresses  induced  by  the  milling  pro¬ 
cedure. 

No  trend  was  established  in  tha  test  results.  For  example,  a  cutting 
speed  of  7,000  faet/minuta  produced  the  beet  results  for  A1-A356-T6 
and  tha  worst  rasults  for  A1-6061-T6  end  A1-7073-T651.  In  contrast#  a 
cutting  spaed  of  either  1,000  or  10,000  feet/minute  yielded  the  best 
surface  layer  conditions  on  A1-7075-T651.  From  these  end  other  com¬ 
parisons,  it  was  concluded  that  the  absence  of  any  consistency  in  the 
teat  results  indicated  that  cutting  spaeda  have  little  effect  on 
residual  stress  generation. 


11.0  COST  AND  PRODUCTION  TIME  ANALYSIS 


Introduction 

whan  maki ng  any  changes  in  a  process,  it  la  important  to  make  an 
analyaia  of  coat  and  production  tioa  changes  cauaad  by  tha  procaaa 
change.  Tha  objaetlva  of  thia  aactlon  waa  to  parfom  a  preliminary 
coat  and  production  'rata  comparison  between  conventional  machining 
and  high  apaad  machining.  To  aaaure  that  thia  eompariaon  waa  per¬ 
formed  In  an  unblaaad  manner#  Matsut  Research  Aaaociataa,  Incorporated 
waa  oontraetad  to  do  tha  atudy. 

Coat  and  Production  Tina  Calculations 

Whan  dealing  with  a  machining  operation#  there  are  three  main  eon* 
tributora  to  coat  and  production  time.  Thaaa  ara  tha  constant  eoata 
and  times#  feed  cost  and  tlaaa#  and  tool  coats  and  times.  Tha 
constant  costs  and  tines  are  load-unload  setup#  cutter  Index  and  rapid 
traverse.  By  constant#  it  is  maant  that  these  terms  ara  not  cutting 
rata  controlled.  .The  fading  costs  and  times  ara  those  accrued  while 
chips  ara  being  mada.  For  thia  term#  tha  coat  and  time  is  decreased 
by  increasing  tha  cutting  rata.  Tha  tool  times  and  costs  ara  tha 
penalties  for  wearing  out  a  tool.  Tha  downtime  for  replacement  of  a 
dull  tool  and  tha  tool  purchase  and  resharpening  costa  ara  included 
la  this  term.  The  equations  for  production  time  and  cost  era  shown 
la  Table  vixx. 

Application 

To  compare  high  apaad  machining  with  convantional  machining#  Opera¬ 
tions  SO  and  60  on  tha  Shall  Guidance  Sat#  part  number  10162178-500EN 
(see  Figure  63) ,  ware  selected  for  analysis.  Operation  50  la  now  a 
convantional  turning  operation  that  is  performed  on  a  Bullard#  N/C# 
vertical  turret  lathe.  In  thia  operation#  tha  top  and  bottom  surface 
axe  faced#  tha  top  flange  is  bored#  and  tha  outside  diameter  is  turned. 
Operation  60  ia  now  a  conventional  milling#  drilling  and  tapping  op¬ 
eration  that  la  performed  on  a  Sundstrand#  5-axas#  N/C,  0N-3  Ounimil. 
The  production  times  and  coats  for  these  existing  operations  were 
compared  to  the  production  times  and  eosts  that  would  be  realised  by 
replacing  these  two  operations  with  one  high  speed  milling  operation. 

It  should  be  noted#  however#  that  a  machine  tool  dose  not  now  exist 
which  could  handle  this  part  on  a  production  basis  at  ultra  high  cut¬ 
ting  speeds.  Although  high  speed  spindles  are  available  as  an  add-on 
for  existing  machine  tools ,  the  installation  of  one  of  these  spindles 
renders  the  automatic  tool  changer  inoperable.  Extra  shielding  was 
required  to  contain  the  chips  which  came  off  the  part  at  very  high 
speeds .  This  extra  shielding  restricted  the  use  of  tha  existing  pallet 
system  for  quick  workpiece  loading  and  unloading. 


TABLE  VIE  -  COST  AND  PRODUCTION  TIME  EQUATIONS 


Constant  time:  (tj)  ■  R/r  +  t^  +  tQ/N^  + 

•Tool  time:  (tj)  *  fc^/Tp 

Constant  cost:  (Cj)  ■  tj  M 
Tool  costt  (Cj)  ■  t,  M  +  Cg/Tp 

Where: 


Feeding  time:  (tj)  »  L/fm 

Production  time  ■  tj  +  tj  +  t3 

Feeding  oost:  (Cj)  ■  tj  M 
Total  cost  -  Ct  +  Cj  +  Cj 


r  -  Total  rapid  traverse  distance  for  one  tool  on  one  part  (in. ). 

r  ■  Rapid  traverse  rate  (In. /min.). 

tL  ■  Time  to  load  and  unload  workpiece  (min. ). 

tg  ■  Time  to  set  up  machine  tool  for  operation  (mL..). 

Nl  ■  Number  of  workpieces  in  bt. 

t(  ■  Time  to  index  from  one  cutter  type  to  another  between  opera* 
tlons  (min. ). 

L  -  Length  of  travel  of  cutter  at  feed  rate  (in.), 
f^  ■  Feed  rate  (in. /min.). 

t<j  «  Machine  tool  downtime  to  replace  a  dull  tool  (min.). 

Tp  ■  Tool  Ufa  (number  of  parts). 

M  ■  Labor  phis  overhead  (j/min. ). 

Cg  -  .  Cost  per  sharp  tool  (9). 

The  value  C8  is  calculated  using  the  appropriate  terms  from  the  following  equa¬ 
tion,  depending  on  the  type  of  tool: 


Where: 


«K|  *  1) 


+  G  t_  + 


+  +  a  t 

w  p 


purchase  oost  of  tool  or  outter  (3/ cutter). 

Number  of  times  cutter  Is  resharpened  before  being  discarded. 
Labor  and  overhead  In  tool  reconditioning  department  (S/mln.), 
Time  to  rebrase  cutter  teeth  or  reset  blades  (min. ). 

Number  of  tlmss  milling  cutter  is  resharpened  before  Inserts 
or  blades  are  rebrazed  or  reset. 

Number  of  teeth  in  milling  outter. 

Cost  of  each  insert  or  Inserted  blade  (3/bladt). 

Number  of  times  blades  (or  inserts)  are  resharpened  (or  In¬ 
dexed)  before  blades  (or  Inserts)  are  discarded. : 

Cost  of  grinding  wheel  for  resharpening  tool  or  cutter  ($/ cutter). 
Time  to  preset  tools  away  from  machine  (in  tool  room)  (min. ). 
Time  to  resharpen  a  tool. 


OKing  tha  aquations  in  Tabla  Vixx,  lists  of  individual  oparation 
times  and  costs  wars  developed.  A  breakdown  of  data  for  tha  con- 
vantional  method  of  producing  ona  part  in  Oparation  SO  is  presented 
in  Tabla  XX.  For  comparison ,  a  braakdown  of  data  for  tha  high  spaed 
milling  method  of  producing  one  part  in  Oparation  SO  is  shown  in 
Tabla  X. 

t 

Tha  analysis  of  tha  conventional  production  method  for  Oparation  SO 
revealed  that  a  standard  setup  time  of  2.5  hours  is  prorated  over  a 
typical  lot  sise  of  100  parts.  Sinoe  tha  lathe  cannot  be  running 
whi^e  one  part  is  being  unloaded  and  another  loaded,  a  load-unload 
time  of  tea  minutes  appears  as  a  constant  time.  When  replacing  this 
turning  operation  with  the  high  speed  milling  operation,  no  extra  setup 
is  required  since  one  setup  on  tha  mill  will  suffice  for  both  operations 
SO  and  60.  Tha  elimination  of  tha  turning  setup  is  reflected  in  the 
sero  constant  time  term  in  Table  X.  Also,  sinoe  the  mill  uses  a  pallet 
system,  there  is  no  machine  tool  downtime  for  load-unload.  Sinoe 
rapid  traverse  is  faster  on  tha  milling  machine  than  the  production 
lathe,  that  factor  was  not  satsred  into  this  prslininary  comparison . 
Thsrafore,  constant  times  end  oasts  dus  to  rapid  travarsa  have  been 
eliminated  from  the  turning  comparison.  When  turning  on  the  lathe, 
tha  tools  usad  for  feeing  and  boring  are  good  for  an  entire  lot) 
therefore,  no  downtime  for  dull  tool  replacement  was  assumed.  When 
tha  turning  operations  are  replaced  by  a  high  spaed  production  milling 
oparation,  an  automatic  tool  ehangar  would  be 'used  and  dull  tools  could 
bs  replaced  while  e  different  cutter  was  being  usad. 

The  total  average  cycle  time  for  the  turning  operation  was  calculated 
aa  57.80  minutes.  Doing  this  operation  on  the  mill  at  high  speeds 
would  taka  only  18.8  minutes,  saving  67  percent  in  cycle  time.  Cost 
savings  would  not  be  aa  high  sinoe  the  milling  cutter  is  much  more 
expensive  than  the  inserts  used  for  turning.  Cost  per  part  on  the 
lathe  is  526.49  as  ecmapared  to  $17.04  on  the  mill.  This  is  a  savings 
of  36  percent. 

The  moat  detailed  end  time  consuming  part  of  the  analysis  was  made 
for  Operation  60,  tha  milling  operation.  A  complete  breakdown  of 
Operation  60  data  for  conventional  milling  can  be  found  in  Table  XX. 
These  data  were  gathered  from  3,000  lines  of  APT  output  in  ordsr  to 
caloulats  rapid  traverse  end  cutting  times.  Sines  it  was  not  possible 
from  the  APT  output  to  tell  when  the  cutters  wars  actually  making 
contact  with  tha  workplace,  any  feed  rate  over  SO  inehee/minuts  was 
considered  as  a  rapid  traverse  end,  therefore,  constant  tima  or  oost. 
Anything  undar  50  inches/minute  was  considsrtd  as  fesd  or  cutting 
tins.  Units  for  tool  lifs  values  were  number  of  parts  per  tool;  so 
it  was  not  necessary  to  tell  when  the  cutter  wee  contacting  the  work. 
Jtapid  traverse  and  cut  times  were  calculated  by  dividing  the  cutter 
travel  distance  by  tha  feed  rate.  Costs  were  calculated  by  multiply¬ 
ing  these  times  by  the  overhead  rate  at  Vaught  Corporation.  Tool  costs 
per  sharp  edge  end  tool  life  in  number  of  parts  wars  supplied  by 
Vcught  Corporation  from  their  existing  production  data. 
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TABLE  X  -  PRODUCTION  TIMES  AND  COSTS  FOB  MACHINING 
ONE  PART  BT  HIGH  SPEED  MILLBJG  OPERATION  69 


TABLE  XI  -  PRODUCTION  TIMES  AND  COSTS  FOR  MACHINING  ONE  PART  BY  CONVENTIONAL  OPERATION  60 
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The  total  average  production  time  for  the  conventional  machining  of 
Operation  60  waa  102. 55  minutea  per  part.  Of  this  time,  24  percent 
waa  attributable  to  prorated  setup  and  rapid  traverse  movements.  The 
remaining  76  percent  of  the  time  was  at  cut  feed  rate.  Time  to  re¬ 
place  dull  tools  waa  not  considered  since  dull  tools  could  be  re¬ 
placed  in  the  tool  holder  while  other  tools  were  being  used.  The 
total  average  production  coat  for  the  conventional  machining  of  op¬ 
eration  60  waa  $61.05  per  part.  Prorated  setup  and  rapid  traverse 
time  accounted  for  18  percent  of  this  cost.  Feeding  cost  was  S8  per¬ 
cent  of  the  total,  with  replacement  of  expendable  tooling  accounting 
for  the  remaining  24  percent  of  the  cost.  Breaking  the  total  time 
down  by  operation,  3  percent  of  the  time  goes  to  setup,  77  percent 
for  milling,  15  percent  for  drilling,  and  5  percent  for  tapping.  For 
coat,  this  ccnes  to  2  percent  for  setup,  82  percent  for  milling,  12 
percent  for  drilling  and  4  percent  for  tapping. 

To  the  extent  poesible,  Operations  50  and  60  wars  performed  on  two 
Guidance  end  Control  (5AC)  ahellr  with  one  high  speed  milling  opera¬ 
tion.  These  are  shown  in  Figura  143.  A  stop  watch  waa  used  to 
measure  the  in-cut  times  of  comparable  milling  and  drilling  operations. 
Tapping  operations  wore  not  considered  in  the  comparison  due  to  the 
inability  of  the  high  speed  spindle  to  reverse  quickly,  a  require¬ 
ment  for  tapping  spindles.  The  total  cut  time  for  these  operations 
at  high  speed  was  31  minutes.  Tharefort,  by  using  high  speed  milling 
and  drilling  operations  (not  changing  tapping  rate)  with  no  change 
in  tool  life,  a  reduction  in  average  cycle  time  for  Operation  60  from 
102.55  minutea  par  part  to  57.76  minutea  per  part  could  be  realized. 
This  is  a  44  percent  savings  in  production  time.  Tha  cost  would  de¬ 
crease  33  percent  from  $61.05  per  pert  to  $40.84  per  part. 

11.4  Potential  Realization 

The  high  matel  removal  rates  possible  with  high  speed  macnining  can 
causa  drastic  reductions  in  tha  feeding  times  end  costa.  Also,  there 
ia  no  drastic  reduction  in  tool  life  when  going  to  these  high  speeds. 
One  thing  that  must  be  kept  in  mind  though  is  that  it  takes  time  for 
the  machine  tool  to  accelerate  and  dacelarate  from  these  rapid  feed¬ 
ing  rates.  This  limits  ths  application  of  high  speed  machining  when 
many  cutter  direction  changes  ere  necessary.  The  cutter  paths  neces- 
sary  for  machining  the  test  parts,  in  many  casts,  did  not  allow  tak¬ 
ing  full  advantaga  of  high  speed  machining  technology.  Although  the 
existing  machine  tool  loses  use  of  ths  automatic  tool  changer  with 
tha  high  speed  spindle  installed,  each  asperate  operation  was  run  at 
high  speeds.  With  a  machine  tool  design  for  high  speed  machining, 
rapid  traverse,  ea  well  as  contouring  and  direction  change  rates, 
would  increase.  By  doubling  the  rapid  traverse  rates  along  with  the 
cutting  rate  increase,  total  reductions  of  54  percont  in  production 
tima  and  41  percent  in  coats  could  be  realized. 
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Although  testing  does  not  show  any  large  effect  on  tool  life  by  going 
to  high  speed  machining,  the  conservative  approach  should  be  used  to 
find  what  effect  tool  life  could  have  on  cost.  If  the  tool  life  is 
halved  when  going  to  high  speed  milling  and  drilling,  assuming  the 
doubled  rapid  traverse  rates,  the  production  time  would  still  decrease 
by  54  percent,  but  the  cost  would  be  decreased  by  only  17  percent  as 
opposed  to  41  percent  when  no  reduction  in  tool  life  is  assumed. 

11.5  Conclusion 


Calculations  show  that  glvsn  a  machine  tool  capabls  of  high  speed 
machining  with  all  the  requirements  of  a  production  machine  tool;  e.g., 
automatic  tool  changer  and  pallet's  for  quick  part  load-unload,  large 
cost  and  production  time  savings  can  ba  realized  for  the  G&C  shell 
part  analyzed.  A  total  of  59  percent  savings  in  production  time  and 
a  23-39  percent  savings  in  cost  can  be  achieved. 


12.0  CONCLUSIONS  AND  RECOMMENDATIONS 


Major  improvements  in  productivity  and  cost  affactivanoaa  wara  demon- 
atratad  for  high  spaad  machining  procaasas  in  thia  program.  High 
apaad  machining  is  not  exactly  a  new  process.  Aside  fraa  routing  op¬ 
erations  ,  high ’spaad  machining  has  baan  proven  many  times  in  pro¬ 
duction  shops  to  be  a  worthwhile  operation  for  special  oases.  For 
example,  spar  mills  have  routinely  spun  8.0-inch  diameter  cutters  at 
3,000  revolutions /minute  to  produce  aluminum  spars  at  a  cutting  spaed 
of  6,280  feet/minute.  The  reader  could  probably  cite  some  examples 
of  his  own,  but  this  example  and  the  ones  in  the  report  can  serve  to 
illustrate  that  the  high  speed  machining  processes  are  for  real  and 
can  work. 

^  • 

the  factor  which  allows  high  speed  machining  to  work  so  well  on  alum¬ 
inum  is  that  material 1  a  low  melting  point.  The  melting  point  of 
aluminum  varies  between  980°F  and  1180°Fi  and  it  follows  that  the 
cutting  temperature  will  never  exceed  approximately  1200°r  end,  more 
than  likaly,  will  usually  be  lees.  At  those  temperatures ,  cutter  life 
did  not  prove  to  be  much  of  a  problem  except  for  the  vury  abrasive 
aluminum  alloy,  A356.  Tharafere,  it  wee  generally  coneluded  that, 
thermally  speaking,  tbare  does  not  appear  to  be  any  limit  to  the  cutting 
spaed  at  which  aluminum  can  be  machined. 

Cutting  speeds  were  found  to  have  an  effect  on  cuttar  lifai  however, 
end  it  was  astimated  that  spindle  speeds  on  the  order  of  40,00G  revolutions/ 
ninuts  would  ba  required  to  produoa  a  most-economical  cutting  speed  for 
1. 0-inoh  diameter  end  mills.  Smaller  cutters  would  require  in  even 
faster  spindle  speed  to  reach  the  most  sooncmical  cutting  speed,  esti¬ 
mated  to  be  on  the  order  of  10,000  f eet/minuta .  Consequently,  it  wes 
concluded  that  the  existing  spindle  with  its  20,000  revolutions/minute 
maximum  speed  was  too  alow  to  achieve  maximum  machining  economics  in 
aluminum  with  outtars  less  than  about  1.5  inches  in  diameter. 

Tool  Ufa  increased  with  feed  rates  up  to  about  0.008  inch/ tooth  on 
A1-7075-T651,  0.010  inch/ tooth  on  A1-6061-T651,  end  0.014  inch/tooth 
on  A1-A356-T6.  To  achieve  those  feed  rates  with  2-fluta  and  mills 
rotating  at  20,000  revolutions /minuts ,  milling  table  speeds  of  320,400 
end  560  inches/minute ,  respectively,  would  have  to  be  provided.  Per 
4-flute  end  aills,  those  table  speeds  would  have  to  be  doubled.  Since 
the  fastest  milling  table  speed  known  wes  400  in a has /minute,  it  waa 
concluded  that  it  would  do  Uttle  good  to  increase  spindle  speeds 
further  unless  table  speeds  wara  increased,  accordingly. 

In  the  same  vein,  it  was  found  that  rotary  tablas  on  machining  cantars 
wara  also  generally  too  alow  for  e  20,000  revolutions/minute  spindle. 

To  provide  e  feed  rate  of  0.010/tooth  for  a  2-fluta  end  mill  cutting  at 
20,000  ravolutions/minut#  on  e  22- inch  diameter  workpiece,  e  table  speed 
of  6  revolutions/minute  would  be  required.  Consequently ,  it  is 
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recommended  that  table  apaads  of  that  magnitude  be  provided  on  future 
machining  cutter*. 

While  faster  spindle  speeds  can  be  delayed  until  faster  tabla  speeds 
are  provided,  sore  powerful  spindles  are  needed  now.  Both  the  Ekstrom, 
Carlson  and  Bryant  spindles  ware  found  to  be  lacking  in  torque  and 
useful  horsepower  output.  This  limits  the  size  of  cut  that  can  be  made 
with  either  and  can  be  attributed  to  the  physics  of  the  process.  That 
is,  for  a  given  size  cut,  horsepower  requirements  increase  as  speed 
increases.  Being  formulae  developed  in  this  program,  20  horsepower 
was  ealculatsd  to  be  the  requirement  for  producing  a  l.Q-axial  depth, 
0.25-inch  radial  depth,  end  milling  cut  at  a  speed  of  f  600  foot/ 
minute  and  a  feed  rate  of  200  inohee/minute.  Tho*n  parazutbers  would 
permit  a  metal  removal  rata  of  50  cubic  inches/minut  To  machine  at 
that  rata  on  a  continuous  duty  cycls  basis,  the  spindle  could  only  be 
operated  at  approximately  50-peroent  capacity.  Consequently,  a  40 
horsepower  spindle  would  be  needed  for  the  task.  The  size  of  cut  under 
discussion  is  not  largo  by  production  standards}  therefor#,  it  is 
recoanandad  that  one  of  the  primary  goals  for  spindle  manufacturers  be 
the  development  of  at  laast  a  4C  horsapower,  20,000  ravolutiona/minuta 
spindle. 

Two  other  design  changes  are  needed  for  the  high  speed  spindles.  First, 
s  more  positive  spindle  stop}  a.g.,  a  forward  thrust  bearing  or  a  hy¬ 
draulic  praloaded  bearing,  is  needed  to  prevent  a  loaded  apindle  shaft 
from  trying  to  pullout  of  its  housing  by  taking  up  excessive  slacks  in 
the  assembly,  under  extrema  conditions,  such  pullout  can  over stress  s 
forward  bearing  that  is  turning  at  an  ultra  high  spead,  causing  overheating 
and  possible  damage  to  the  bearing  or  its  shaft.  Second,  a  low  spindle 
spaed  is  nssded  on  machining  cantors  for  tapping  operations.  Without 
such  a  capability,  much  of  tha  eoonooia  advantaga  of  a  high  spead  machin¬ 
ing  center  might  be  lost.  Since  other  low  speed  applications  can  ba 
visualized  for  machining  centers,  it  is  recommended  that  spindle  manu¬ 
facturers  look  into  tha  possibilities  of  using  electronic  switching  to 
provide  both  a  high  and  low  speed  range. 

Except  for  the  abrasive  aluminum  alloys  like  A3 56  which  must  be 
machined  with  carbide,  either  carbide  or  high  spaed  steel  cutters  can 
ba  used  to  machine  the  remaining  aluminum  alloys  et  ultra  high  speeds. 
Generally,  and  mills  of  either  material  cannot  be  rotated  fast  enough 
to  reach  a  most  economical  cutting  speed}  so  thers  is  little  danger  of 
cutting  too  feat  with  either  material.  Tha  bast  and  mill  geometry  ob¬ 
served  in  this  program  for  cutting  aluminum  with  carbide  consisted  of 
a  25-dagrea  helix  angle,  5-degrae  redial  raka  ingle  and  about  10-dagraa 
primary  clearance.  For  cuttars  over  1.0-inch  diameter  in  particular, 
cutter  balance  was  found  to  ba  critical  to  tool  Ufa  and  surfaces  finish. 
Consequently,  it  will  probably  ba  nacasaary  for  usars  of  tha  high  spead 
machining  processes  to  have  dynamic  balancing  equipment  available. 


Cutting  fluids  art  not  always  required  but  art  9  tut  rally  racossntndtd 
for  tha  high  soaed  machining  of  aluminum.  Tha  fluids  ara  not  naadad 
to  cool  workpieces  and  cuttars ,  bt causa  thasa  do  not  gat  hot.  Tha 
fluids  ara  beneficial,  howtvtr ,  in  alleviating  built-up-tdgts  on  cut- 
tar  flanks ,  particularly  on  high  spaad  staal  cuttars.  Tha  built -up- 
adgas  ara  fos&ad  from  small  chip  particlas  which  hava  baan  prassurt- 
waldad  to  cutter  flanks;  and  these,  in  effect,  raplaca  tha  cuttar  ma- 
tarial  that  was  ground  away  to  provide  cuttar  claaranca.  With  no 
clearance ,  such  cuttars  rub  worltpiacas,  increasing  hast  and  horsepower 
consumption  and  decreasing  cutter  life.  Centrifugal  force  will  allevi¬ 
ate  flute  packing,  but  cutting  fluids  ara  needed  to  minimise  built-up- 
flanks  . 

High  spaad  atael  drills  ars  adequate  for  tha  high  spaad  drilling  of 
aluminum,  over  Jive  thousand  holts  wars  drillsd  through  ana-half  inch 
thick  7073-T651  aluminum  with  one  (1)  one- fourth- inch  diamatar  drill 
operated  at  20,000  revolutions /minute  sad  a  faad  of  100  inchas/minuta . 
at  thoaa  rates,  drilling  operations  ware  spectacular,  resembling  a 
punching  operation.  Xf  desired,  those  rates  could  probably  ba  doubled 
with  higher  spindle  speed,  drilling  equipment  that  is  now  available. 

While  soma  equipment  changes  which  could  make  high  speed  milling  a 
batter  process  wars  pointed  out,  nothing  detrimental  to  high  spaad 
milling  was  observed  in  this,  program.  With  tha  equipment  at  hand,  a 
vary  good  natal  removal  rata  of  33  cubic  inchas/minuta  was  established 
as  s  standard  for  50-paroaat  spindle  loads.  Additionally,  natal  re¬ 
moval  rataa  of  69  cubic  inchas/minuta  and  faad  rates  of  304  inches/ 
minute  wars  sustained  with  a  1.0-inch  diameter,  2-fluta,  braaed- 
carbida  and  mill  in  another  instance.  2a  short,  productivity  was 
significantly  improved  by  the  process.  While  high  speed  machining  can 
be  mors  profitably  used  to  make  "hogging"  outs,  an  economic  analysis 
showed  that  with  tha  propar  machine  tool,  a  23  to  39  percent  cost 
savings  could  ba  aehisved  by  using  high  spaad  machining  to  help  finish 
machine  aa-oast  Guidance  and  Control  shells.  Part  stability  may  also 
ba  improved  by  high  speed  milling,  because  cutting  forces  were  ob¬ 
served  to  vary  between  only  40  and  50  pounds  at  50-pareant  me chin* 
loads  and  10  to  20  pounds  at  2  5-par  cant  machine  loads.  Additionally, 
high  spaad  machined  workpieces  remained  cool  to  minimise  any  thermally 
induced  distortions,  and  cutting  speed  was  not  found  to  have  any  effect 
on  residual  streaa  generation.  Good  dimensional  tolerances  and  finishes 
were  also  maintained  with  high  speed  milling,  roc  examples,  maximum 
cuttar  deflection  was  shout  0.003  inch  at  50-pareant  splndla  loads  and 
0.002  inch  at  2S-peroant  spindle  loads.  Additionally,  the  two  guidance 
end  control  shells  were  high  speed  machined  within  tolerances,  and 
excellent  surface  finishes  wars  obtained  at  all  speeds.  High  speed 
machining  was  found  to  be  a  relatively  safe  proa ass.  While  several 
cutters  were  smashed,  only  two  were  broken  and  those,  not  unexpectedly. 
Xn  summation,  those  highlights  from  the  program  exemplify  that  high 
speed  machining  is  a  sound,  viabla  process. 


Machine  tools  can  ba  beneficially  retrofitted  with  high  speed  spindles 
to  perform  the  same  operation  or  family  of  operations  repeatedly. 
However,  the  type  of  high  speed  machine  tool  needed  by  the  missile  and 
other  general  type  machine  shops  hak  not  been  built  as  yet.  Basically, 
the  type  of  machine  tool  envisioned  would  be  a  machining  center  with 
rapid,  automatic  tool  and  part  changers.  It  would  have  a  protective 
cover  and  a  lightweight  machining  table  with  infinitely  variable  feed 
ratea  to  800  inches/minute .  Its  corresponding  rotary  table  would  have 
a  minimum  speed  of  S  revolutions/minute.  The  spindle  on  that  machine 
would  have  both  a  low  and  a  high  range i  or  two  spindles  would  be  pro¬ 
vided,  as  on  the  0M-3  Cmnimil.  The  high  speed  range  would  vary  in¬ 
finitely  between  10,000  and  25,000  revolutions/minute,  and  the  low 
spaed  range  would  vary  infinitely  between  0  and  1,000  revolutions/ 
minute  and  be  reversible.  Minimum  power  outputs  would  be  40  horsepower 
at  20,000  ravolutions/minute  at  the  high  speed  spindle  and  1.5  horse¬ 
power  at  1,000  revolutions/minute  at  the  low  speed  eplndle.  The  sys¬ 
tem  would  be  well  protected  and  instrumented  and  computer  (dnc)  con¬ 
trolled.  Such  a  machine  would  provide  the  versatility  needed  for  job- 
shop  type  operations  and  move  a  good  process  beyond  its  threshold. 
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